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VORWORT 
 
Brücken über Flüsse und Küstengewässer unterliegen besonderen Gefahren im Bereich 
der Gründung, da örtliche Erosionen, so genannte Kolke, entstehen können. Diese Kolke 
werden von den umströmten Brückenfundamenten selbst hervorgerufen, weil die 
Fundamente in der Strömung als Störkörper. Die Tiefe der Kolke kann an 
kreiszylindrischen Pfeilern Werte bis zum etwa 2,5-fachen der Pfeilerdurchmesser 
erreichen. Deswegen und weil der Kolkprozess, wenn er erst einmal einsetzt, sehr schnell 
vonstatten geht, stürzen auf der gesamten Welt immer wieder Brücken ein, bei denen die 
Kolkproblematik bei der Planung durch die Brückenbauer falsch eingeschätzt  worden 
war. 
 
Die meisten Forschungen über Pfeilerkolke wurden für kreiszylindrische Pfeiler 
ausgeführt. Weniger Kenntnisse liegen für die ebenfalls häufig verwendeten 
quadratischen oder rechteckigen Pfeiler und Gründungskörper vor. Dann kommt noch ein 
weiterer Parameter hinzu: die Anströmungsrichtung.    
 
Über Kolke an nicht kreiszylindrischen Pfeilern, ggf. auch noch mit Schräganströmung, 
gibt es relativ wenig veröffentlichte Untersuchungen, oft nur aus Laboruntersuchungen 
mit verhältnismäßig kleinen Dimensionen.  
 
Vor diesem Hintergrund hat sich Herr Dr.-Ing. Reda Diab in seiner Dissertation mit den 
vorstehend genannten, offenen Fragen an eckigen Pfeilern auseinandergesetzt und 
großmaßstäbliche Kolkmessungen durchgeführt. Die Ergebnisse seiner Arbeit sind nicht 
zuletzt wegen der besonderen, von ihm mitentwickelten Messtechnik und der Systematik 
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Bridge scour is the leading cause of bridge failure all around the world, affecting 
significantly on the total construction and maintenance costs.  Therefore, scouring around 
piers and abutments has been extensively studied in the past, focusing on point 
measurements of scour depth in front of a circular pier in alluvial sand beds. A literature 
review showed, that there is still a lack of studies on the effects of main scour parameters 
on the scour hole geometry, and on the mechanism of local scour around piers of 
different shape and alignment in gravel beds. This thesis attempts to fulfill this gap by 
experimentally investigating the development of scour holes around piers of different 
shape and alignment in gravel and sand beds. New non-intrusive, high resolution 
topography measurements of complete developing and equilibrium scour holes were 
performed during the experiments with an experimental installation using a laser distance 
sensor (LDS) and positioning systems. Additionally, the turbulent flow field around a 
square pier in gravel bed is measured with the acoustic doppler velocimeter (ADV) 
providing an insight into the complex flow field.  
The spatio-temporal variations of the geometric characteristics of developing scour holes 
are analyzed including the scour hole topography, time-dependent and equilibrium scour 
depth, scour extent, scour slopes and scoured volume. Firstly, the general observations 
made for each experiment are presented. All the obtained data are then analyzed in 
comparisons, as a function of the pier shape, angle of attack and sediment sizes. 
Empirical equations for the prediction of scour depth, scour radius and scoured volume as 
well as new pier shape and angle of attack adjustment factors were also obtained. Further, 
numerous prediction equations of time-dependent and equilibrium scour depths are 
evaluated. Effect of the pre-estimated experiment time on measuring and predicting the 
scour depth is also discussed.   
The measured situation rather than an assumed inverted scheme of the developing scour 
hole shape is presented. Scouring starts and progresses fast at the pier sides, and 
eventually propagates rather rapidly towards the centerline of the pier front. Scoured 
region surrounds the pier faster at circular than at square piers, faster at square than at 
rectangular piers, faster at non-aligned than at aligned piers, and also faster in gravels 
than in sands. The deepest point of the scour hole which is initially located at the pier 
sides migrates to the centerline of the pier front, during the first hour in gravel bed, and 
after 1.5 - 2.5 days running time in sand beds.  
The time-dependent scour depth develops, in the laboratory dimensions, with different 
decreasing rates during the first 10 - 30 % of the experiments time (four days), faster at 
sides than at front of the piers, faster at square and rectangular than at circular piers, 
faster at non-aligned than aligned piers, and also faster in gravel than in sand bed. Then it 
develops with nearly the same rate in all cases to the end of experiments. The highest and 
lowest scour depths are observed at the square and circular piers respectively. The larger 
the angle of attack the smaller the scour depth at the square pier is observed.  
The shape of the scour hole profiles in different planes remains nearly constant during 
development, as a nearly uniform slope over a ring shaped portion close to the pier. The 
average scour side slopes are at the square and rectangular steeper than at the circular 
piers, and do not exceed the natural repose angle of sediment particles under water. There 
is only one exception that the steeper slope is observed in the lower part of the profile at 
the pier front in gravel bed, showing the action of vortex system with different strengths 
that being lower towards the upper part of the scour hole. 
The longitudinal extent and the lateral width of the developing scour hole at the square 
pier are in average 1.50 and 1.22 times those at the circular pier respectively, and increase 
with the rectangular pier length to width ratio by 10 - 20% for L/B = 2 and 4. The extent 
and width of developing scour in gravel bed is about 1.75 - 3.25 and 1.55 - 1.70 times 
those in coarse and fine/medium sand beds, respectively.  
The assumption that there is no effect of sediment coarseness ratio D/d50 on the scour 
depth when it exceeds 25 - 50 does not sound reliable, as shown via the present study. 
The equilibrium scour depth which firstly increases with the sediment coarseness ratio, 
decreases again when the ratio exceeds 30, and seems to be unaffected at very higher 
values of the ratio (values > 500).  
The discussion of the definitions of time to equilibrium showed, that variety of 
equilibrium scour depths can be reached depending on which definition of equilibrium 
time is adopted. Even though the discussed definitions of equilibrium time indicated that 
the equilibrium was achieved in the present study, the measured data showed that a truly 
equilibrium scour state is not attainable. 
The volume of developing scour hole is correlated well with the scour time as well as the 
maximum scour depth at the pier front. Thus, when providing maximum scour depth at 







Laboruntersuchung der Kolkung um Pfeiler mit 
verschiedenen Formen und Anströmungswinkel in Kies 
 
Kurzfassung 
Die lokale Kolkbildung an Pfeilern ist vor allem im Bereich des wasserbaulichen 
Ingenieurwessens ein wichtiges Thema. Bislang wurden hauptsächlich Laborversuche zur 
Kolkung an schlanken zylindrischen Pfeilerformen in sandigem Boden durchgeführt. Die 
meisten dieser Untersuchungen konzentrierten sich auf das Messen und die Vorhersage 
der zeitlichen Entwicklung und der maximalen Kolktiefe. In der Literatur, z. B. Hoffmans 
und Verheij (1997) finden sich Korrekturfaktoren zur Anwendung bei nicht 
kreisförmigen Pfeilerformen oder schräger Pfeileranströmung. Hinweise auf die zeitliche 
Entwicklung der Kolkgeometrie um Pfeiler sind in der Fachliteratur in nur geringem 
Umfang vorhanden. 
In dieser Forschungsarbeit wird die zeitabhängige Entwicklung der dreidimensionalen 
Kolkgeometrie an verschiedenen Pfeilerformen und mit variierten Anströmungswinkeln 
sowohl in Sand als auch in Kies mittels Laborversuchen untersucht und dargestellt. Neue 
berührungslose und hoch aufgelöste Messungen der vollständigen zeitlichen Entwicklung 
und der Gleichgewichtphase der Kolkgeometrie werden während der laufenden Versuche 
mit einen Laser-Distanz-Sensor (LDS), welcher innerhalb des Plexiglaspfeilers installiert 
ist, durchgeführt. Darüber hinaus wird das turbulente Strömungsfeld um den Pfeiler in 
Kies mittels einer ADV-Sonde gemessen.  
Die zeitliche Entwicklung der Kolkbildung wird analysiert. Dabei werden die 
Topographie, die Ausdehnung, das Volumen und die Tiefe des Kolks sowohl während 
der zeitlichen Entwicklung als auch im Gleichgewichtszustand näher betrachtet. Diese 
Kolkcharakteristika werden in Abhängigkeit der eingebauten Pfeilerform, des 
eingestellten Anströmungswinkels und des verwendeten Sediments ausgewertet. Neue 
empirische Formeln zur Vorhersage der Kolktiefe, Kolkausdehnung und des 
Kolkvolumens sowie neue Korrekturfaktoren für die Pfeilerform und -ausrichtung 
werden entwickelt. Zu nennen ist insbesondere die Formel von Zanke (1982), für die eine 
Anpassung an zylindrische and quadratische Pfeiler sowie für Kies als Sediment gegeben 
werden können. Außerdem werden Gleichungen, die der Vorhersage von Kolktiefen 
dienen, überprüft und bewertet. 
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CHAPTER 1 




Scour is a natural phenomenon, caused by the erosive action of flowing water over 
alluvial beds in rivers and streams (Breusers et al. 1977, Barbhuiya and Dey 2004).  It 
occurs when the critical condition for initiation of sediment transport is exceeded locally. 
This might happen as a result of natural flow or man-induced flow acceleration due to 
water works. Scour at bridge elements (piers and abutments) is one of the common 
examples of the effect of human river interference.  
Bridge scour is the leading cause of bridge failure all around the world. It also has the 
major effect on the total construction and maintenance costs. About 383 bridge failures in 
the United States are caused by 25% pier scour and 75% abutment scour (Richardson and 
Davis 2001). It is estimated that an optimization potential of bridge costs up to 40% when 
scour depth is accurately taken into account (Dumas and Krolack 2002). Therefore, a 
good understanding of the scour process and better estimation of scour dimensions are of 
utmost importance in civil engineering. 
Local pier scour is a complex three dimensional phenomenon, which occurs as a result of 
the strong flow-sediment-pier interaction. The scour mechanism and the flow field in 
sand beds have been extensively studied in the past (Muzzammil and Gangadhariah 2003, 
Unger and Hager 2007, Dey and Raikar 2007, Kirkil et al. 2008, Gobert et al. 2010). 
However, less information is available on scour in gravel beds (Ettema 1980). Raikar and 
Dey (2005a, 2005b) presented experimental results on scour in uniform gravel, analyzing 
the effect of gravel size and gradation on the equilibrium scour depth. In their work, 
authors concluded that significant differences in scour are expected depending on the 
sediment type i.e. sand or gravel. 
Several numerical and laboratory investigations have been conducted to quantify the 
maximum scour depth at bridge piers. Most of the studies have been focused on 
equilibrium scour depth in alluvial sand beds, such as Breusers et al. (1977) and Melville 
and Sutherland (1988). Work on the estimation of time dependent scour depth has been 
conducted by many researchers, such as Zanke (1982a), Dey (1999) and Oliveto and 
Hager (2002). Most of these experimental researches are devoted to point-measurements 
of scour depth in front of a circular pier, resulting in a lot of empirical prediction 
equations for both time dependent and equilibrium scour depths. Methods for estimating 
the scour depth at other pier shapes and alignments (Hoffmans and Verheij 1997, 
Melville and Chiew 1999, Richardson and Davis 2001) are based on the knowledge of 
local scour at circular ones and correction factors. Different shape factors were suggested 
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based on few laboratory researches (Tison 1940, Chabert and Engeldinger 1956, Laursen 
and Toch 1956), and used as multiplying correction factors in almost all prediction 
methods.  Moreover, there is only one design curve suggested by Laursen and Toch 
(1956) to account the effect of angle of attack. This curve is suitable for rectangular piers 
with a pier length to width ratio between 2 and 16. However, no systematic studies on the 
effect of pier shape and alignment on local scour are conducted since then.  
Furthermore, investigations on the geometric properties of scour holes, as known to the 
author, are rarely found in the specialized literature (Dargahi 1987, Yanmaz and Köse 
2007, Link et al. 2008b). Hoffmans and Verheij (1997) presented sketches of scour hole 
topography for equilibrium scour holes based on few available references. The 
knowledge of geometric features of the scour hole provides useful information for the 
design of the bridge foundation size and for the selection of the appropriate scour 
countermeasures.  
 
1.2 OBJECTIVES AND SCOPE OF WORK 
 
The general objective of this thesis is to investigate experimentally the spatio-temporal 
variation of scour hole around piers of different shape and alignment in both sand and 
gravel beds. Consequently, the specific objectives are:  
• Development and application of an experimental installation for the measurement 
of scour development, 
• Measurement and characterization of the scour hole development around piers, 
• Measurements and characterization of the flow field at a square pier, 
• Quantification of the effect of sediment size on scouring in sand and gravel beds, 
• Quantification of the effect of pier shapes on scour development, and  
• Quantification of the effect of flow angle of attack on scour at piers. 
In order to achieve these objectives, series of experiments were conducted at the 
Hydraulic Laboratory of the Institute for Hydraulic and Water Resources Engineering, 
Darmstadt University of Technology, (Germany). In chapter 2, the background and 
current state of the knowledge of local scour and literature related to the thesis objectives 
are presented. In chapter 3, experimentation including dimensional analysis, experimental 
setup and measuring techniques is presented. Chapter 4 shows the results of clear-water 
scour experiments with piers of different shape and alignment, including a description of 
the topography of the developing and equilibrium scour holes, of the side slopes of the 
scour hole, of the developing and equilibrium scour hole depth and of the scoured volume 
as well as the measured flow field around the square pier. Analysis and discussion of the 
time development of maximum scour hole depth, radius, slopes and volume are covered 
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in chapter 5. Finally, chapter 6 presents the principle conclusions drawn from the results 
of the study and recommendations for future works.        
 
The author has already published partial results of the current work in international 
indexed journals, conferences, symposiums and workshops. Among the seven published 
papers, five summarise specific results on the time development of scour holes geometry 
in gravel and sand beds around square and circular piers under clear water conditions 
(Diab et al. 2008a, 2008b, 2008c, 2010a, 2010c). Remaining two papers, account for the 
experimental measurement and characterization of the 3D turbulent flow field around a 
square pier in both a fixed and a mobile gravel bed under the clear water condition (Diab 
et al. 2009, Diab et al. 2010b). 
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CHAPTER 2 
 BACKGROUND: STATE OF THE ART 
 
Many papers have been published on scouring around bridge piers founded in 
cohesionless sediment beds. This chapter attempts to present a review of relevant 
literature. The chapter begins with general speaking on bridge scour definitions, types 
and regimes. The local scour process and flow velocity field around piers are reviewed 
and some of related studies are summarized. Local scour parameters are presented in 
brief. The effects of pier shape and angle of attack on local scour are discussed. Next, 
developing and equilibrium scour depth definitions and formulas are included. Finally, 
the present understanding of the geometry of scour hole bridge piers is presented.  
 
2.1 STATE OF THE ART 
 
2.1.1 Bridge Scour Definition, Types and Regimes 
 
Scour Definition 
Scouring at bridges is defined as the lowering of the stream bed at its piers and abutments 
as a result of the erosive action of flowing water (BSC 2005, Richardson and Richardson 
2008). Scour can be caused by either base-flow or by flood events, when the bed shear 
stress at the pier foundation exceeds the critical bed shear stress. Usually the scouring rate 
is much higher during flood events.  
 
Scour Types 
Types of scour at bridges consist of long-term aggradation and degradation, general 
scour, contraction scour and local scour. In addition, bed form propagation through the 
bridge site may play a role resulting in an increase of the scour (Melville and Coleman 
2000, BSM2005, Richardson and Richardson 2008).  
Long-term aggradation or degradation are the deposition or the erosion of sediment 
material in the bridge reach, as a part of an overall rising or lowering of the stream bed 
over long times due to natural or man-induced causes. 
General scour refers to the lowering of the stream bed due to instability of flow through 
river meanders or at tidal inlets. In river meandering, the flow depth and velocity are 
higher at the outside than at the inside of a bend. This results in scour at the outer part and 
deposition at the inner part of the bend. Thus, an overall rising or lowering of the stream 
bed should be considered if the bridge foundation is located in meanders. Tidal inlet 
instability is similar to meanders but the temporal variation of scouring differs and also 
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tidal flows reverse often its direction (FHWA No. 20, HEC-20).  General scour is 
different from long-term degradation because it may be cyclic and/or related to a flood 
event. 
Contraction scour is the erosion of the sediment from the stream bed and banks as a result 
of increased velocities and shear stresses due to a reduction in the flow cross-section area 
at the bridge sites. It may occur under clear water or live bed conditions.  
Local scour refers to the erosion of the sediment from the vicinity of the bridge piers or 
abutments. The increased turbulences, pressures and velocities and the induced secondary 
flow in form of vortices and downflow are considered as the main cause of local scour. It 
can be either clear water or live bed scour. 
Bed form propagation through the bridge site, may also play a role. Bed forms refer to the 
pattern of regular or irregular waves that may result from water flow over a sediment bed. 
These forms may propagate either in the same or in the opposite direction of the flow and 
may increase or decrease the total scour at bridges. 
The combined sum of the previous components of scouring in addition to bed forms 
propagation effect determines the total scour at a bridge pier or abutment.  
 
Scour Regimes   
Local scour regimes are divided into two categories (Chabert and Engeldinger 1956): (i) 
clear water scour that occurs when there is no sediment feeding from upstream of the 
bridge into the scour hole, and (ii) live bed scour when there is continuous feeding with 
sediment from upstream. The velocity or bed shear stress is used as indicator for clear 
water scour or live bed scour conditions. If the mean flow velocity or the average bed 
shear stress upstream of the bridge is less than the critical flow velocity or the critical bed 
shear stress of the median diameter of the bed material, then clear water scour conditions 
are achieved. 
 
2.1.2 Local Scour Process and Flow Field around Piers 
 
The flow field at a bridge pier is a complex three dimensional turbulent phenomenon 
resulting from strong flow-pier-sediment interaction. The basic mechanism causing local 
scour at piers is the increased turbulence and the induced secondary flow in form of 
vortices and downflow around a pier (Shen et al. 1969, Melville 1975, Breusers and 
Raudkivi 1991, Hoffmans and Verheij 1997, Muzzamil et al. 2004). Flowing towards the 
pier, the flow velocity goes to zero on the upstream face of the pier, called stagnation 
point. This causes an increase of the pressure at the pier. As the flow velocity decreases 
from the surface to the bed, the pressure on the pier face decreases accordingly. The 
downward pressure gradient forces the flow down the pier face. The resulting downflow 
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impinges on the bed and creates a hole in the vicinity of the pier base. The downflow 
rolls up again as it continues to create a hole and by interaction with the coming flow 
forms a complex vortex system, called horseshoe vortex. This develops as a result of flow 
separation at the upstream face of the scour hole. The horseshoe vortex is very effective 
in transporting sediment particles away from the pier. As the scour depth increases, the 
strength of the horseshoe vortex diminishes, leading to a reduction of the scouring rate. 
At the downstream face of the pier a wake vortex system is formed due to the separation 
of the flow on the pier sides. Both the horseshoe and the wake vortices erode sediment 
from the base region around the pier. The wake vortex intensity reduces with the distance 
and as a result the eroded sediment deposits downstream the pier. Figure 2.1 shows 
sketch of features of flow around a circular pier.    
 
 
Figure 2.1. Flow field features around a circular pier (Ettema et al. 2006)  
 
Many studies investigating experimentally and numerically the flow field around the 
bridge piers have been carried out, such as Dargahi (1987), Muzzammil and 
Gangadhariah (2003), Unger and Hager (2007), Dey and Raikar (2007), Kirkil et al. 
(2008), Link et al. (2008a), and Gobert et al. (2010). Flow field has been investigated 
with different experimental techniques, e.g. hydrogen-bubble flow visualization 
technique, acoustic doppler velocimeters (ADV), acoustic Doppler velocity profilers 
(ADVP), and particle image velocimetry (PIV) and numerical techniques in both plane 
and scoured beds under clear-water and live-bed conditions at circular piers.  
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In 1987, 1989, and 1990, Dargahi presented laboratory experiments where the horseshoe 
vortex was visualized at the front of a circular pier in the symmetry plane using the 
hydrogen bubble technique. Different experiments were carried out with pier Reynolds 
numbers Repier = u D /ν =8400, 20000, 39000 and 46000, where u is the section-averaged 
flow velocity, D is the cylinder diameter and ν is the kinematic viscosity of the fluid. It is 
found that the vortex structure at the pier front is linked to the scour profiles in fine sand.  
Sarker (1998) performed measurements of instant point velocities around a cylinder in a 
scoured sand bed with the ADV. Although the researcher presented time-average flow 
field, he did not mention anything about the turbulent characteristics of the flow.  
In 1998, Graf and Yulistiyanto performed measurements of the flow field around a 
cylinder in a fixed plane bed with the ADVP, registering time averaged velocity field, 
turbulent velocity fluctuations as well as determining turbulent flow field properties, i.e. 
Reynolds stresses, turbulent kinetic energy distribution, and vorticity. They concluded 
that at the front of the cylinder the horseshoe vortex is confined to 15% of the flow depth.  
Graf and Istiarto (2002) applied the same methodology as Graf and Yulistiyanto (1998) in 
order to measure the flow field around a cylinder in a scoured sand bed. Results showed 
time averaged and turbulent-fluctuating characteristics of flow.  
Muzzammil and Gangadhariah (2003) visualised the horseshoe vortex in front of a 
circular pier founded in sand bed (d50 = 0.16 and 0.60 mm) by injecting a benthonite 
solution into the flow. They observed an elliptic form of the horseshoe vortex, determined 
its geometry as well as the tangential velocity of the vortex. However, the accuracy of 
this flow visualization method is questionable, as discussed by Unger and Hager (2005).  
Muzzammil et al. (2004) investigated experimentally the features of horseshoe vortices 
around a circular pier embedded in a sand bed during scouring. The mudflow 
visualisation technique was used to visualise the horseshoe vortex in front of the pier. 
Results show that the shape of the vortex, i.e. circular or elliptical, is dependent on the 
pier Reynolds number. The horizontal dimension of the vortex has been found to be a 
function of the pier form.   
Later, Unger and Hager (2007) studied the characteristics of downflow and horseshoe 
vortex at the vertical plane at the front of a wall-side attached half cylinder by using the 
PIV. Two sediment sizes were used, a uniform sand with d50 = 1.14 mm and σ = 1.18 as 
well as a non-uniform sand mixture with d50 = 5.00 mm and σ = 2.29. The obtained data 
provided an experimental data bases for numerical simulation. 
Dey and Raikar (2007) presented spatial characteristics of horseshoe vortex in developing 
scour holes in different azimuthal planes around a cylinder using an ADV. Their results 
added valuable knowledge on time variation of the flow field during scour in a non 
cohesive soil.  
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A numerical experiment was presented by Kirkil et al. (2008), using the large eddy 
simulation technique (LES) on the horseshoe vortex system around a circular pier on 
equilibrium scoured sand bed. Results for two cases with relative small Reynolds 
numbers were discussed.  
Link et al. (2008a) studied the instantaneous flow field around a circular cylinder in sand 
scoured beds using the model proposed by Manhart (2004). Link (2008b) presented 
detailed measurements on spatio-temporal development of scour around a circular pier in 
coarse sand, linking slopes of the scour hole to the horseshoe vortex system.  
Tseng et al. (2000) simulated numerically the three dimensional turbulent flow field 
around circular and square cylinders. The results showed that the downflow strength and 
the domain of the high bed shear stress were greater in the case of the square pier.  
Raikar and Dey (2005a and b) presented experimental results of scour around circular and 
square piers in uniform gravel, analyzing the effect of gravel size and gradation on 
equilibrium scour depth. In both mentioned studies, it was concluded that significant 
differences in scouring are expected depending on the sediment type i.e. sand or gravel. 
Recently, Diab et al. (2009) and (2010b) investigated experimentally the turbulent flow 
field around a square pier in plane and scoured gravel beds using an ADV. The 
measurements were carried out under clear water conditions in different azimuthal half-
planes with θ = 0, 45, 90, 135 and 180º around the pier. The results showed the spatial 
distribution of time-averaged velocity components, velocity vector and absolute velocity 
as well as turbulence intensities and turbulent kinetic energy. Their results are useful for 
calibration and validation of the advanced numerical models.  
 
2.1.3 Local Pier Scour Parameters  
 
The following discussion of local scour factors is limited to scouring at piers founded in 
cohesionless sediment and under current action. According to Breusers et al. (1977), 
Raudkivi and Ettema (1983), Breusers and Raudkivi (1991), Hoffmans and Verheij 
(1997), Melville and Coleman (2000), Richardson and Davis (2001) and BSC 2005 the 
local pier scour parameters are given as follows: 
• Fluid parameters: water density ( ρ ), kinematics viscosity (υ ) and gravity 
acceleration ( g ),  
• Flow parameters: approaching flow depth ( h ), mean flow velocity (u ) and 
critical flow velocity ( cru ),  
• Sediment parameters: density ( sρ ), grain size ( 9.15501.84 ,, ddd ), grain form, 
gradations ( 9.151.84 / dds =σ ) and angle of repose (φ ),  
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• Pier parameters: shape in horizontal section (circular, squared, rectangular and 
other shapes), size (diameter D, width B and length L), and alignment (the angle 
of flow attack;α ), and  
• Time parameter, t, which is added by Dey (1997). 


























αφσρυρ        [2.1] 
Where: f  is a general function and Z   is the maximum depth in the scour hole. 
According to dimensional analysis technique and π -Buckingham theorem, equation [2.1] 
can be rewritten in dimensionless form as (assuming constant relative density and no 
































ασ       [2.2] 
Where: The flow depth to pier diameter or width ratio Dh  or Bh is termed the flow 
shallowness. The ratio between approach and critical flow velocities cruu  is called flow 
intensity and controls the scour condition, i.e. clear-water or live-bed conditions. The pier 
diameter or width to sediment size ratio 50dD  is named sediment coarseness. The 
sediment gradation is characterized by using the geometric standard 
deviation 9.151.84 / dds =σ . The size and gradation of the sediment material affect on the 
time required to reach the equilibrium scour and if the armouring will occurs or not. The 
two parameters shBL kk ,/,α   are correction factors for the shape and alignment of 




ut   and     provide the time effect, where 
T is the time required to reach the maximum equilibrium local scour depth. A brief 
summery of the effect of the mentioned scour parameters is given below.       
 
Flow intensity effect, cruu /   
Flow intensity cruu / , defined as the ratio of the mean approach flow velocity to the 
critical velocity (threshold velocity for the motion of the sediment in the approaching 
flow), is used extensively as indicator of scour conditions (Raudkivi and Ettema 1983, 
Breusers and Raudkivi 1991, Hoffmans and Verheij 1997). For uniform sediment 
material, clear water scour occurs for flow intensity up to unity, for which there is no 
sediment supply from the upstream to the scour hole. Live bed scour occurs when flow 
intensity exceeds the unity. For non-uniform sediment, the limiting armouring velocity 
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au  controls scour conditions in addition to the flow intensity (Melville and Sutherland 
1988). For non uniform sediment material, clear water scour conditions exist when 
1/)]([ <−− crcra uuuu  and live-bed scour occurs when 1/ >auu . 
For clear-water scour conditions, the equilibrium scour depth in uniform sediment 
increases almost linearly with the flow velocity to a maximum at the critical velocity 
which is called as threshold peak, see figure 2.2. As the mean flow velocity exceeds the 
critical velocity, the average scour depth first decreases and then increases again to a 
second peak which is called the live-bed peak. This second peak occurs at the transition 
flat bed conditions and does not exceed the threshold peak. Other investigators noted that 
the live-bed peak may exceed the threshold peak at higher velocities.  
 
Figure 2.2. Local pier scour depth versus flow intensity  
(Modified after Breusers and Raudkivi 1991) 
 
Flow shallowness effect, Dh  
The flow depth to pier diameter (or pier width) ratio h/D is known as flow shallowness 
and represents the effect of flow depth on local scour. Many researchers have been 
investigated the effect of flow depth on the local scour depth at piers, such as Laursen and 
Toch (1956), Breusers (1977), Ettema (1980), and Chiew (1984). They concluded that the 
scour depth increases with the flow depth up to a limiting value for the flow shallowness 
ratio. This value is about 2.6 according to Melville and Sutherland (1988). Beyond this 
value, the local scour depth becomes independent of the flow depth. Figure 2.3 shows the 
relative local scour depth versus flow shallowness. Melville and Coleman (2000) present 
a useful classification of scour processes at bridge piers depending on the flow 
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horseshoe vortex at the base of the pier and the surface bow wave help to understand the 
effect of flow depth. For narrow pier class or deep flow, there is no interference between 
the two rollers and the scour depth depends only on the pier width. While at wide piers, 
the interference between the bow wave and the horseshoe vortex which rotates in 
opposite direction reduces the capability of the horseshoe vortex to entrain sediment from 
the scour hole. That results in a decrease of the scour depth with a decrease in the flow 
depth. For intermediate width class, the scour depth depends on both parameters flow 
depth and pier width. 
 
Table 2.1. Classification of local scour processes at bridge piers. 
Class hD /   Local scour dependence 
Narrow pier 
Intermediate width pier 
Wide pier 
hD / < 0.70 
0.70 < hD / < 5.0 
hD / > 5.0 
Dz ∝  
hDz ∝  
hz ∝  
 
Figure 2.3. Local pier scour depth versus flow shallowness (Melville and Coleman 2000) 
 
Sediment size, coarseness and gradation effect 
Sediment size in sand size range has little effect on scour depth but will affect the time 
required to reach the equilibrium (Hoffmans and Verheij 1997). Raudkivi and Ettema 
(1977a, b) investigated experimentally the effect of sand size on the scour depth at 
circular pier. They concluded that a flat bed, i.e. clear water scour, can not be maintained 
in the laboratory near the threshold conditions when the grain size d50 <0.70mm. The 
ripples are expected to develop when the flow velocity exceeds 60% of the threshold 
velocity. Breusers and Raudkivi (1991) give the same conclusion for ripples formation 
Z/D 
h/D 
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with an exception: clear water scour conditions can be maintained when the geometric 
standard deviation of the sand is between 1.30 and 1.50.    
Relative Sediment Coarseness  
The ratio of the pier width to the mean grain size of the sediment material is defined as 
relative sediment coarseness D/d50. Figure 2.4 shows the scour depth versus the sediment 
coarseness ratio. As shown, the scour depth increases with sediment coarseness up to a 
maximum at D/d50 = 25 - 50, and seemingly becomes independent when D/d50 ratio 
exceeds 50 (Raudkivi 1986, Breusers and Raudkivi 1991, Melville and Sutherland 1998). 
Ettema (1980) found that the effect of sediment coarseness ratio was significant up to 
D/d50 = 20 – 25, and for higher values of sediment coarseness, the scour depth became 
independent of D/d50, see figure 2.5. However, Sheppard et al. (1995) and (2004) 
investigated local scour at a circular pier in a large flume and concluded that the sediment 
coarseness ratio with very large values may decrease the scour depth. Recently, Lee and 
Strum (2009) studied the effect of sediment size on local scour depending on laboratory 
and field data. Their results showed that after the scour depth reached a peak value at 
D/d50 = 25, it decreased again as the sediment coarseness increased, see figure 2.5. 
The model scale, the sediment size range, or the experiment time length might be the 
reason for the differences in results of the sediment size effect. Further researches on pier 
scour with large sediment size and with large scale models are needed to clear this effect. 
Sediment gradation  
Sediment gradation is characterized by the geometric standard deviation of the sediment 
grain size 9.151.84 / dds =σ . For natural river sand, sσ  is about 1.80 while for uniform 
sand sσ  is about 1.30 (Hoffmans and Verheij 1997).  The effect of sediment gradation on 
local scour was investigated by many researchers, such as Ettema (1980), Chiew (1984), 
Dey (1995) and Molinas (2003). The general conclusion was that both the scour rate and 
the scour depth decrease as the geometric standard deviation increases. At a higher value 
of sσ  (i.e. for non-uniform sediment), armouring occurs on the upstream bed and at the 
bottom of the scour hole near the threshold conditions (i.e. u/ucr  ≈ 1), resulting in a 
considerable reduction of the scour depth. For high flow intensity, the sediment non-
uniformity has little effect on the scour depth. Figure 2.6 shows the coefficient σK versus 
sσ , where σK  is the ratio of maximum scour depth in non-uniform sediment and 
maximum scour depth in uniform sediments ( sσ =1.50 – 2.00) under clear water scour 
conditions. Dey et al. (1995) divided the sediment material into uniform sediment ( sσ < 
1.40) and non-uniform sediment ( sσ >1.40). 
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Figure 2.4. Local pier scour depth versus sediment coarseness  
(Melville and Coleman 2000) 
 
 
Figure 2.5. Scour depth versus sediment coarseness: laboratory data of Ettema (1980) 
(left) and Lee & Strum (2009) (right), (ds = Z and b = D) 
 
 
Figure 2.6. Coefficient Kσ versus sediment gradation (Raudkivi and Ettema 1983)   
Z/D 
D/d50 
Z =f (D/ d50) 
coarse sediment              fine sediment 
Zmax/D 
~ 50
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Pier shape and alignment effect, shBL kk ,/,α   
Bridge piers are constructed of various shapes and aligned with different angles with the 
flow direction. The most common used shapes are circular, square, rectangular with 
different nose, oblong and streamline. Almost all current methods predicting scour depth 
at piers are depending on studies focusing on local scour at circular piers in sand bed. The 
effect of pier shape and alignment are often accounted by using correction factors. 
Regarding the objective of this thesis, the effect of pier shape and alignment is discussed 
in detail in section 2.4.           
 
Time Effect 
Development of local pier scour is dependent on time and scour conditions. Under clear-
water conditions, scour depth develops gradually in time following a first order 
exponential relation towards the equilibrium clear-water scour depth. For live-bed 
conditions, scour depth increases rapidly with the time reaching a maximum value in 
short duration. Then scour depth fluctuates over time around a mean value called 
equilibrium live-bed scour depth (Chabert and Engeldinger 1956, Raudkivi 1976, 
Melville and Chiew 1999). The equilibrium scour depth under live-bed is about 10% less 
than under clear-water conditions (Graf 1996). Figure 2.7 shows the time development of 
scour depth. For clear-water conditions, the known relations for predicting the 
equilibrium scour depth were developed through laboratory models. The time required to 
achieve the equilibrium depends on the scale of these experiments. This is a very 
important point because the results obtained after short run time may give scour depths 
smaller than the equilibrium scour depth. The data obtained in small-scale laboratory 
experiments after short run time of 10 to 12 hours can lead to scour depths less than 50% 
of the equilibrium depth of scour (Melville and Chiew 1999). Therefore, it is necessary to 
run experiments for several days. For live-bed conditions, the equilibrium scour depth 
(clear-water) is appropriate. During flood events, live-bed scour occurs during the flood 
duration. The hydrograph and duration of the flood help to determine if the equilibrium 
live-bed scour will develop. During the duration of recession flow, clear water conditions 
may prevail and induce additional scour (Breusers et al. 1977). More details about time 
and scour will be presented in the following section.   
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Figure 2.7. Scour depth as a function of time (Breusers and Raudkivi 1991) 
 
2.1.4 Scouring around Piers of different Shape and Alignment 
 
Pier geometry is defined to be the size and shape of the pier in the horizontal and in the 
vertical cross-sections. In elevation, piers take a prismatic (constant) shape or increased 
or decreased width upwards. Hoffmans and Verheij (1997) concluded that maximum 
scour depth at a pier of narrowing width upwards is smaller than at a pier of prismatic 
shape, and higher than at a pier of broadening width upwards. In this thesis, only the 
prismatic shapes are considered. Figure 2.8 shows a schematic illustration of the most 
common pier shapes.   
The effect of pier size has been discussed by Shen et al. (1969), Breusers et al. (1977) and 
others. They concluded that the horseshoe vortex shape and strength which is the main 
cause of scouring is a function of the pier size. Shen et al. (1969) observed that the 
horseshoe vortex is proportional to the pier Reynolds’s number that is a function of the 
pier width ( vuDpier /Re = ). Breusers et al. (1977) related the scour depth to the pier size. 
Hoffmans and Verheij (1997) reported that scour depth increases with the increase of the 
pier width when the ratio of pier width to water depth is less than unity (D/h<1). Breusers 
and Raudkivi (1991) concluded that the pier size influences the time required to reach the 
equilibrium as well as the volume of the upstream part of the scour hole.  
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Figure 2.8. Schematic of common pier shapes 
 
The effect of pier shape and alignment (angle of attack) has been studied by few 
researchers (e.g. Tison 1940, Chabert and Engeldinger 1956, Laursen and Toch 1956, 
Neil 1973, Dietz 1972, Melville 1975, Breusers et al. 1977). The angle of flow attack 
refers to the angle between the direction of flow and the direction of pier (Hoffmans and 
Verheij 1997). General conclusions are: (1) the blunter shapes induce the deeper scour, 
(2) the local scour is sensible to the alignment or orientation of the pier to the flow, and 
(3) the effect of pier shape and alignment are often accounted by correction factor.  
Flamant (1900) [from Breusers et al. 1977] compared the relative scour depth around 
three different pier shapes namely circular, square and triangular. The highest and lowest 
scour depths were observed at the square and triangular piers, respectively. 
Tison (1940 and 1961) tested the effect of pier shape and alignment on scouring in sand 
with d50 = 0.48mm. The deeper scour was observed at the rectangular pier shape. No 
effect of the rectangular pier length on scour depth was observed when the pier was 
aligned with the flow. It was also concluded that streamlining the pier with zero angle of 
attack may minimise the scour depth.  
The most established research on the effect of pier shape and alignment was carried out 





























Group of cylinders 
without web 
 
Group of cylinders 
with web 
 
Chapter 2 – Background: State of The Art 
                                                                                                             17
Iowa pier models consisted of two circular or square shafts (circular or square) with and 
without connecting web. Tested angles of attack ranged from 0 to 90º. The experiments 
were carried out in two flumes; each was 10.6 m (35 ft) long and 1.50 m (5 ft) wide at the 
laboratory of the Iowa Institute of Hydraulic Research. The two flumes can be used as 
one wide flume (3 m wide) by removing the wall between them. The bed material was 
sand with d50 = 0.58 mm. Horizontal layers of coloured sand with a diameter of 3 mm 
(0.01 ft) thick were placed at intervals of 0.03 m (0.10 ft) below the original sand surface 
to observe the development of the scour depth. During the experiments, the time of 
appearance of each red layer was noted. After three hours running time, the water was 
drained out and standard photographs were taken. In the study of basic pier shapes, which 
was conducted by Schneidle 1951, the running time was reduced to only 60 minutes. The 
model of Texas pile pier which has battered piles extended up from the river bed to low 
water level was tested in the next step. Two different levels (3 and 6 cm) of pile tops 
above the bed level and four different flow angles of attack (0, 15, 30 and 45º) were 
tested. The results show the effect of pier shape and alignment on the relative scour 
depth, not the maximum scour depth. For Iowa pier models, the scour depth was observed 
at the upstream shaft for small angles of attack (0 - 10º) while it moved to the 
downstream shaft with the increase of the angle of attack. The effect of rounded and 
rectangular shafts was clear for small attack angles, the scour depth around the 
rectangular shafts was 15% higher. The pier shape and the existence of the web have no 
effect on scour when the pier was aligned with the flow. As the angle of attack increased, 
the relative scour depth at angle of 30 and 45º were about 2 and 2.5 times that at angle of 
0º. The results of basic geometrical pier shapes tests showed, that the use of streamlined 
shapes decreased the scour depth when the angle of attack equal to 0º. This effect 
diminishes while increasing the angle of attack. Scour depth at Texas pile pier increased 
with the angle of attack and the setting of the pier at the bed level.  
Finally, Laursen and Toch (1956) give a design curve to predict the scour depth at 
rectangular piers of zero angle of attack depending on the relative flow depth, which was 












         [2.3] 
 
For other pier shapes or if the pier is skewed to the flow direction, the predicted value of 
scour depth from equation (2.3) should be multiplied by a correction factor for the pier 
shape shk  [Table 2.2], or for the angle of attack BLk /,α  [Figure 2.10]. It should be noted 
that the two correction factors must not be used together.  
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Model IV                            Model V                           Model VI  
Models of typical Iowa piers 
 
   
Basic pier shapes 
 
Model of Texas pie pier 
Figure 2.9. Used pier shapes by Laursen and Toch (1956) 
 
Richardson and Davis (2001) gave the following expression for BLk /,α , depending on The 










k BL         [2.4] 
According to Richardson and Davis (2001) BLk /,α  should be used if the angle of attack is 
higher than 5 degrees and for the rectangular pier with L/B ranged between 2 and 16.  
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Figure 2.10. Design factor for piers not aligned with flow. (Laursen and Toch 1956) 
 
A variety correction factors for pier shape were suggested by different researchers 
depending on limited experimental data (Tison 1940, Laursen and Toch 1956, Chabert 
and Engeldinger 1956, Breusers et al. 1977, Richardson et al. 1993, Mostafa 1994, 
Melville 1997, Hoffmans and Verheij 1997, Richardson and Davis 2001, Oliveto and 
Hager 2002). Table 2.2 presents some recommended values for the pier shape effect 
regarding to the circular pier shape.  
  
Table 2.2. Some segmentations of pier shape factor. 
Reference 






























Circular 1.00 0.90 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Rectangular 1.40 1.00 1.11 1.30 1.29 1.00 1.00 - 1.20 1.10 1.20 
Rounded-
nosed 







0.73 0.75 -  0.70 - 0.80 - - 
Sharpe-
nosed 
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In summary: the angle of attack factor developed by Laursen and Toch (1956) is almost 
used in all methods predicting the local scour depth at piers. To the best of the author 
knowledge, no systematic studies are done on the effect of angle of flow attack on local 
scour other than Laursen and Toch (1956). Therefore, improving and updating the angle 
of attack factor is essential.  There is also a need to extend the curve of BLk /,α  for square 
piers, i.e. when L/B =1. Furthermore, laboratory measurements to improve the knowledge 
of the pier shape effect on local scour are required. Wide range of values is suggested for 
the pier shape factor by different authors as shown in table 2.2.     
 
2.1.5 Scouring of Gravel Beds around Bridge Piers 
 
Scouring around bridge piers has been extensively studied in the past. Nevertheless, most 
of the past studies focused on scour in alluvial sand beds. Only few studies concentrate 
on scouring in gravel bed were found such as Ettema (1980). Raikar and Dey (2005a) 
conducted an experimental study on scour in uniform and non-uniform gravel at bridge 
piers, analyzing the effect of sediment gradation on the equilibrium scour depth. Raikar 
and Dey (2005b) presented experimental results on scour in uniform gravels, analysing 
the effect of gravel size on the scour depth at bridge piers and abutments. In both 
mentioned studies, it was concluded that significant differences in scour are expected 
depending on the sediment type i.e. sand or gravel. The time required to reach the 
equilibrium scour depth in gravel is longer than in sand beds. The equilibrium scour 
depth increases with the increase of gravel size. Recently, Diab et al. (2008b) and (2008c) 
performed experimental investigations on scour at circular and square piers in uniform 
gravel bed. The results showed the time variation of scour hole dimensions, i.e. scour 
hole depth, radius and slopes. The need for further efforts to understand the unexplored 
scour process in gravel is evident. 
 
2.2 DEVELOPING AND EQUILIBRIUM SCOUR DEFINITIONS AND 
FORMULAS 
 
Local pier scour process is time dependent. The equilibrium scour depth is rapidly 
attained under live-bed conditions, but more slowly under clear-water conditions. The 
maximum scour depth attained in a given time t , is called here the developing scour 
depth ( tZ ). When the rate of scouring becomes insignificant with time, the scour reaches 
the equilibrium and the maximum scour depth is called here the equilibrium scour depth 
( eqZ ).   
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The local scour process at bridge piers can be divided into several phases, namely initial 
phase, development phase, stabilization phase and equilibrium phase (Ettema 1980, Dey 
1997 and 1999, Melville and Chiew 1999, Hoffmann and Verheij 1997, BSM 2005, Link 
and Zanke 2006). In the initial phase, the erosion capacity is most severe. The scour 
depth changes considerably but the shape of the scour hole does not change during the 
development phase. During the stabilization phase, the rate of scour development 
decreases. The equilibrium phase is achieved when the change of the scour hole 
dimension is insignificant. The time to equilibrium increases with flow intensity for clear-
water conditions up to a maximum value at the threshold conditions of sediment 
transport, then at higher live-bed scour the time is expected to rapidly decrease again 
(Melville and Chiew 1999). 
Regarding the time required to reach the equilibrium scour phase, several researchers 
have developed different definitions of time to equilibrium scour for piers in uniform 
sands under clear-water conditions (Shen et al 1969, Dietz 1972, Nakagawa and Suzuki 
1976, Franzetti et al. 1982, Melville and Coleman 2000, Sheppard et al. 2004). Ettema 
(1980) defined the time at which the change of scour depth is no more than 1 mm in a 
timeframe of 4 hours as the equilibrium time. Raudkivi (1986) noted that equilibrium 
scour can be attained in the laboratory after a test duration of 50 hrs. Melville and Chiew 
(1999) defined the time to equilibrium as the time at which the rate of change of scour 
depth does not exceed 5 % of the pier diameter in the succeeding 24 hours period. 
Equation (2.5) can be used to compute the equilibrium scour time at a circular pier in 
sand bed without ripples when u/ucr = 1 and h/D > 6.    
u
D
dayste 96.28)( =             [2.5] 
Where te is the equilibrium time, D is the pier diameter [m] and u is the approach flow 
velocity [m/s].  
Mia and Nago (2003) concluded that the bed shear velocity decreased with time as the 
scour hole increased and the equilibrium scour occurred when the approach bed-shear 
velocity was nearly equal to the critical bed-shear velocity. Jones and Sheppard (2000) 
noted that the duration for many experiments reported in the literature was insufficient to 
reach the equilibrium conditions, so that a lot of the data reported therein are 
questionable. Therefore, the whole concept of an experimental equilibrium scour 
condition warrants further investigations. 
Some formulas predicting the developing and equilibrium scour depths are presented in 
sections 2.6.1 and 2.6.2.  
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2.2.1 Developing Scour Depth formulas 
 
The time development of local scour has attracted the attention of many researchers (e.g. 
Shen et al. 1969, Ettema 1980, Kothyari et al .1992, Melville and Chiew 1999, Dey 1999, 
Oliveto and Hager 2005). Table 2.3 presents some prediction equations of developing 
scour depth.    
Franzetti et al. (1982) studied the influence of test duration on the equilibrium scour 
depth, using the data of Chabert and Engeldinger (1956) and Franzetti et al. (1981) which 
were obtained from long-duration (ranging between 410000-842000s) experimental tests 
on scour at circular piers in mobile beds (sand bed and light synthetic material). The 
evaluation of scour in time leads to an exponential expression (equation 2.6).  
Zanke (1982a) derived semi-analytically equation 2.7 from the continuity equation of 
mass and the balance of the acting forces during scouring in non-cohesive sediment bed. 
The equation was also calibrated by using laboratory data, which were obtained from 
scour experiments under both current and wave actions.  
The developing scour depth at slender piers can be described by equation 2.8 which is 
suggested by Hoffmans and Verheij (1997). As shown, the relation between Zt and t is 
reduced when the scour depth is less than the pier width. 
Melville and Chiew (1999) conducted several series of experiments to clarify the effect of 
time on development of scour depth at cylindrical piers in uniform sand beds under clear 
water conditions. They combined their results with data from Ettema (1980) and Graf 
(1995) developing a relation for predicting the developing scour depth as well as the time 
to equilibrium (equation 2.9). Additional data on time development of scour depth around 
circular and non circular piers was obtained by Barkdoll (2000). The gained data was 
compared with the data of Melville and Chiew (1999). The data for circular piers from 
Barkdoll showed close agreement with those from Melville and Chiew. However, 
Melville and Chiew’s equation (eqn. 2.9) seems to overpredict scour depth at a given 
time. With some scatter in the data for noncircular piers from Barkdoll, there is no 
significant difference with Melville and Chiew’s equation. A modified form of Melville 
and Chiew’s equation was produced by Barkdoll based on a curve fitting for all his 
experimental data, resulting in a new equation (2.10). 
Oliveto and Hager (2002) proposed equation 2.11 for temporal scour depth prediction in 
clear water scour around cylindrical piers in uniform and non-uniform sediment. They 
calibrated their equation by using their extensive laboratory data of scour at bridge 
elements as well as the available literature data. They found that the principle parameter 
affecting the scour process at bridge elements is the densimetric Froude number, 
50/ gduFd ∆= , where ρρρ /)( −=∆ s .  
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Table 2.3. Summery of some time-development local pier scour formulas 
Author & Reference and Formula Note Eq. 




















































































































[ ] 3/1250* /υgdd ∆=  
sw = settling velocity 
ρρρ /)( −=∆ s  
validation: 
0.40 < cruu / < 8.8 
2.7 












Zt                                ,  t < t1     





t −−=        , t > t1 
γ = coefficient 0.2-0.4 
t1 = time at which Zt = D 
 
validation: 
slender pier D/h <1.0 
& Zeq > D 
2.8 
Melville and Chiew (1999): 


























































 6 h/D,             4.089.30
















































 0.154-  exp  cr  
 
2.10 
Oliveto and Hager (2002): 
)log(068.0 50.150.0 ddsRt TFNLZ
−= σ  
βαhDLR =                       ,  α + β = 1  
( ) 2/150 / dguFd ∆=                , ( ){ } tLdttT RRd   / g/ 2/150∆==  
N=1.0 for circular pier 
   =1.25 for rect.  pier 
α=2/3 and β=1/3, in 
Oliveto & Hager 2002 
validation: 
u<ucr & diFF >d  
2.11 
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Some of the listed equations (2.6, 2.9 and 2.10) depend on the knowledge of equilibrium 
scour depth and/or the equilibrium time, which are difficult to achieve in the laboratory. 
Other researchers overcome these difficulties by proposing expressions (equations 2.7 
and 2.11) that do not include the equilibrium scour depth. Comparison between the 
equations will be presented in the discussion chapter. 
 
2.2.2 Equilibrium Scour Depth Formulas 
 
Numerous equations are available in the literature predicting equilibrium scour depth near 
bridge piers (Tison 1940, Chabert and Engeldinger 1956, Laursen and Toch 1956, Jain & 
Fischer 1980, Melville & Sutherland 1988, Johnsons 1992, Richardson and Davis 2001, 
Yanmaz and Ciceckdag 2002). Table 2.4 summarizes some of the most commonly used 
and cited local pier scour equations.  
Neill (1964) suggested the expression for the design curve of rectangular pier with zero 
angle of attack of Laursen and Toch (1956) (eqn. 2.12). For other pier shapes and 
alignments, Laursen and Toch’s correction factors for shape or angle of attack should be 
used. While Breusers et al. (1977) suggested his equation 2.13 depending on several 
conclusions of many previous efforts on expressing local pier scour. The constant was 
taken as 2.00 instead of 1.50 to be on the safe side. The pier shape factor is only used 
when the pier is aligned with the flow. It is considered that there is no scour when the 
approaching flow velocity is smaller than half of the critical flow velocity.  
Zanke (1982a) conducted experimental investigation on local scour around cylindrical 
pier under current, wave and current-wave interaction. Two different pier diameters 
(0.065 and 0.09 m) were embedded in sand (d50 = 0.24 mm, density = 2650 kg/m
3
) and in 
a light weight material (Hostyrene, d50 = 2.4 mm, density 1035 kg/m
3
). Equation 2.14 
was rearranged analytically from Zanke’s (1978) formula for bed load to a general 
equation to predict scour at bridge piers and tested using the laboratory results. The 
effective velocity ω  measures the influence of secondary flow on the rate of erosion. The 
values of ω  increases due to the increment of turbulence and should be determined 
experimentally. The measurements of vertical velocity at 5mm above the bed of Ettema 
(1980) showed that ω  is depended on the ratio of vertical velocity near the scour hole 
bed to the approach flow velocity. 
Equation 2.15 was suggested by Melville (1997) following Melville and Sutherland 
(1988). It was based on laboratory data that was derived from experiments with 
cylindrical piers. As shown, the effects of pier shape or alignment are account as 
multiplying correction factors. Note that there is no deference in the values of scour depth 
around circular, round nosed or sharp nosed piers.  
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Hoffmans and Verheij (1997) expressed equations (2.16) for local scour depth at bridge 
piers based on the data of Laursen and Toch (1956) and Breusers et al. (1977). 
The Colorado State University’s (CSU) equation was recommended by Richardson et al. 
(2001). It was based on Richardson et al. (1975) for both live-bed and clear-water scour. 
In Richardson and Davis (2001), an equation based on CSU equation with adding 
multiplying correction factor for bed conditions and armoring by sediment size is given. 
The maximum recommended value of scour depth for round nose pier aligned with the 
flow is 2.4 and 3 times the pier width when Fr ≤ 0.80 and Fr > 0.80, respectively. 
Recently, the Bridge Scour Manual (BSM 2005) recommends equation 2.18 to calculate 
the equilibrium clear-water local scour depth, depending on the results of Sheppard and 
his graduate students at the University of Florida. 
Many researchers presented comparisons of these equations (Mueller 1996, Link 2006, 
Richardson et al. 2001, Richardson and Davis 2001). Depending on laboratory data and 
limited field data, the comparisons showed wide differences in the predicted values for 
scour depth at simple circular piers with sand beds. Accordingly, there is a need for 
laboratory data with non-circular pier as well as in gravel beds to verify the current used 
equations for scour depth.        
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Table 2.4. Summery of some equilibrium local scour pier formulas 
Author & Reference and Formula Note  Eq.
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angle of flow attack 
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shk  = from table 2.2 
BLk /,α = from fig. 2.10 
validation: 
1.0 < h/D < 4.0 
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ω = the effective velocity 
increase due to the 
turbulence. 
validation: 
0.40 < cruu / < 8.8 
2.14 
Melville (1997): 
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shk  = from table 2.2 
BLk /,α = from fig. 2.10 
hk → Kandasamy (1989) 
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shk  = from table 2.2 
BLk /,α  from equation 2.4 2.17 































































D* is the effective pier diameter 
2.18 
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2.3 DEVELOPING AND EQUILIBRIUM SCOUR HOLES GEOMETRY 
 
Studies of developing and equilibrium maximum depth of scour at bridge piers has 
received considerable attention by different researchers. However less information is 
available on the time variation of scour hole geometry, which includes not only the 
maximum scour depths but also the scour extension, maximum scour radius, scour-side-
slopes, hole-surface area and scoured-volume. The knowledge of the dimensions of scour 
holes around bridge piers is needed to select the required degree and extension of scour 
countermeasures.  
Laursen and Toch (1956) gave an idea about scour contours around pier and abutment 
models depending on photographs that were taken after 3 hours run time. The results 
showed that the scour hole has the form of an inverted cone with side slopes equal to the 
repose angle of sand for all pier shapes. Dargahi (1987) described the slopes of a scour 
hole based on experiments with sand.  
Yanmaz and Altinbilek (1991) conducted experiments to study the development of scour 
hole at bridge piers in uniform sands under clear water conditions. The duration time of 
the experiments were kept constant for around 6 hours, during which the final 
equilibrium scour was not achieved. The experiments were stopped after durations of 5 
min, 20 min, 60 min, 100 min and 150 min to measure the scour hole contours around the 
pier. They concluded that the shape of the scour hole remains almost unchanged with 
time. The observed average side slope of the scour hole was 33º which was 
approximately the angle of repose of the used sand. The following expressions to 
calculate the volume of scour hole were given by assuming that the scour hole takes the 
shape of an inverted cone having square or circular bases depending on the pier shape: 
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π           [2.20] 
 
Where: sd is the scour depth, b is the pier diameter or width and Φ is the scour hole side 
slopes. 
Yanmaz and Altinbilek (1991) also noted that for a known time-to-peak value of a flood 
hydrograph, smaller scour depths may be obtained, which reduce the total cost of 
construction. In their comprehensive review of the important studies on scour at piers, 
Hoffmans and Verheij (1997) presented sketches of scour hole topography for 
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equilibrium scour holes. Yanmaz and Köse (2007) performed experiments to investigate 
the time variation of scour holes at circular and square piers and at vertical-wall 
abutments in uniform sand bed under clear-water conditions. The tests durations were 
limited by 6 hours that was not enough to reach the equilibrium. Dimensionless empirical 
expressions were given for time-dependent scour hole surface area and volume. 
Recently, Link et al. (2008b) conducted detailed measurements of developing scour holes 
in sand. Gobert et al. (2010) used this experimental data to characterize the interaction 
between the horseshoe vortex and the scour slopes through advanced numerical large 
eddy simulations, LES.  
Diab et al. (2010a) presented experimental results on the geometry of developing and 
equilibrium scour holes at circular and square piers under clear water conditions with 
uniform gravel. The time development of scour hole radius, depths and slopes at different 
azimuthal half-planes around the pier were discussed. An empirical formula to compute 
the developing scour hole volume depending on the knowledge of scour depth in front of 
the pier is suggested. Also, Diab et al. (2010c) discussed the geometric characteristics of 
scour holes at square pier in uniform sand and compared the experimental results with 
some known formulas of scour depth.   
Regarding the top width of scour holes, Richardson et al. (1993) suggested a value of 
2.80 times the maximum scour depth as a general estimate of the scour hole top width, 
while Butch (1996) depending on field data found that the width of the scour hole being 
4.70 time the scour depth. Richardson et al. (2001) (HEC 6) based on Richardson and 
Abed (1999) calculated the top width of scour holes with the following equation: 
)cot( φ+= KyW s                                  [2.21] 
Where: W is the scour hole top width from each side of the pier footing (m), ys is the 
scour depth (m), K is the bottom width of the scour hole as a fraction of scour depth, and 
φ  the repose angle which ranges between 30-44º. 
Numerical simulations of scour at sediment-embedded cylinders lack experimental data 
on developing scour hole characteristics (Olsen and Melaaen 1993, Olsen and Kjellesvic 
1998, Yen et al. 2001, Ali and Karim 2002, Salahedin et al. 2004, Roulund et al. 2005, 
Kirkil et al. 2008). Spatial information of scour hole is useful for testing numerical 
simulation models of loose boundary hydraulics.  
Therefore, more investigations to characterize the geometry of developing and 
equilibrium scour holes at bridge piers are needed to predict the possible dimensions of a 









3.1 INTRODUCTION  
 
In the following sections the developed experimental installation, measuring techniques, 
and experimental procedures and series are described. The experimental set-up provided 
all necessary tools for investigation of the time-variation of the geometric characteristics 
of scour holes around piers of different shape and alignment in gravel and sand beds 
through a set of laboratory experiments. Additionally, the time-averaged flow velocity 
field and turbulence features around a square pier were measured and analyzed to 
improve understanding of tturbulence and induced secondary flow field interaction.  
 
3.2 EXPERIMENTAL SETUP  
 
Experiments were conducted in a large flume at the laboratory of the Institute for 
Hydraulic and Water Resources Engineering of the Darmstadt University of Technology, 
Germany. The flume is part of a closed system formed by a pump station, elevated tank, 
main flume, and an in-floor recirculation channel. Figure 3.1 shows a schematic 





















Figure 3.1. Experimental, setup schematic  
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The main flume was rectangular with 40m overall long, 2 m wide and 1 m deep. The 
flume has 26 m long glass side-walls which help to monitoring and observation of the 
flow and sediment transport. During experiments, the required discharge was pumped 
from the ground reservoir through the elevated tank into the inlet of the main flume using 
two parallel-operated pumps that can serve up to 800 lit/s.   The inflow was controlled by 
a magnetic inductive discharge flow-meter (Fischer Porter Model D10) and regulated by 
an electronic inlet valve (fluctuation ±0.05 Lit/s).  The flow depth was adjusted by 
tailgate and controlled by ultrasonic distance sensors (UDS) (Wehrhahn, P8000) with a 
precision of ± 0.50mm.  
Measurements were performed in the middle of a working section located 16 m 
downstream of the flume entrance and having a length of 4 m, width of 2 m and depth of 
0.55 m. A false bottom made of concrete plates was installed to avoid the filling of the 
whole flume with sediment material. The plates rested on bricks, 0.5 m above the original 
flume bottom. Over the false concrete bed, a 5 cm uniform thickness layer was made 
from the used bed material to have the same boundary condition. This layer extended 9.0 
m upstream and 4.0 m downstream the location of the pier models. To smooth the flow at 
the upstream, a wooden mesh was installed over the water surface at the flume inlet. To 
avoid secondary flows, the sides of the working section were coated with absorbing 
material. A sand trap was installed before the flume outlet.  
 
Pier Shape 
Four different piers were fabricated and used in the scouring tests, (1) 0.20 m diameter 
circular cylinder, (2) 0.20 m width square cylinder, (3) 0.20 x 0.40 m rectangular pier, 
and (4) 0.20 x 0.80 m rectangular pier. Piers were made of plexiglass or glass, depending 
on the required rigidity. The transparency of models was necessary to facilitate the 
measurement of the scour hole dimensions from inside the pier by using a Laser Distance 
Sensor. Two rings made of PVC or aluminium was fixed at the top and the bottom of the 
piers in order to support the measuring system and attach the pier on the flume bottom. 
Figure 3.2 shows photographs of the piers.  
In each case, the pier was placed on the centreline of the flume and at a certain 
longitudinal location, keeping the coordinates of the pier centreline constant for all the 
conducted experiments. This was important for inter-comparison of measured contour 





Chapter 3 - Experimentation 
 31
 
                 
 
                  
 
Figure 3.2. Experimental piers. Circular (up-left), Square (up-right), Rectangular 
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Pier Alignment 
The square pier was installed with four different angles of attack; namely α = 0, 15, 30 
and 45º with the principle flow direction, in order to investigate the effect of square pier 
alignment on scouring.  
 
Sediment Material 
The used bed materials were tested and characterized in the laboratory of Hydraulics of 
the Darmstadt University of Technology. The soil tests carried out included a mechanical 
sieve analysis and a specific gravity tests. Figure 3.3 gives the plots of the particle size 



















fine/medimum sand coarse sand fine gravel 
Figure 3.3. Results of the sieve analysis test  
 
Three different sediment were used; the first was fine gravel that was the standard bed 
material for the series R1 and R2 of pier shape and pier alignment tests. The other two 
bed material were coarse and fine/medium sand that were employed in the series of bed 
material effect on scour at square pier. The geometric standard deviations of the particle 
size which is defined as 9.151.84 ddg =σ  was less than 1.50 for all used bed materials, 
therefore the sediment were considered to be uniform bed (Dey et al. 1995). The angle of 
repose of the bed materials (φ ) was measured from shear box tests. The section-
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averaged critical velocity for the initiation of motion of isolated sediment particle (ucr) 
was firstly obtained from the Hjulström diagram (Zanke 2002) then checked in the 
experiment. All experiments were performed under clear-water scour conditions near the 
threshold velocity with bed shear stress about 95% of the critical bed shear stress ( crτ ) for 
the initiation of sediment motion at the plane sediment bed, see table 3.1. 
 
3.3 MEASURING TECHNIQUES  
 
Scour topography 
Experimental installations using a laser distance sensor LDS (Baumer Electronic, OADM 
13U6480/S35A) and positioning systems (precision step motors and linear units of the 
firma ISEL) were developed to measure developing and equilibrium scour holes 
topography during running experiments from the pier inside. The laser distance sensor 
OADM13 has a compact housing (13.4 x 40 x 48.2 mm) and a measuring distance ranged 
from 50 up to 550 mm in air (under water up to 750mm) with an accuracy of ± 0.30mm. 
The sensor works on the triangulation principle to provide a precise output signal which 
is proportional to the measured distance (here: scour hole radius) between the transmitter 
and the surface of reflection (here: scour hole surface).  
 
For circular and square piers the sensor was driven in the vertical direction by a step 
motor with a precision of ± 0.02 mm allowing the recording of vertical profiles in the 
scour hole. In the radial direction, the vertical positioning system was driven by a second 
step motor with a precision of ± 0.01º, allowing the sensor to turn around in the scour 
hole, taking various vertical profiles in different azimuthal half-planes. Figure 3.4 shows 
the installation of the measuring system for square and circular piers.  
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Figure 3.4. Installation of LDS measuring system for square pier.  
 
For rectangular piers, the moving system was improved and modified to able to move the 
sensor in the longitudinal direction too. Two new linear units of the firma ISEL were 
used for the vertical and the longitudinal directions and one step motor for the radial 
direction. The sensor was mounted together with the step motor for radial direction on the 
lower end of the first linear unit (Model: LES 6 with Spindle Drive, KG-trieb16x5 & 
L1690mm) which was attached vertically on the other linear unit (Model: LES 5 with 
Spindle Drive, KG-Trieb16x5 & L1090mm), that was supported horizontally in the 
longitudinal direction over two lateral carriers on the top of the flume sides. Figure 3.5 
shows the experimtal pier for the rectangular case. 
Step motor 
(radial position) 
 Linear guide 
Step motor 
(vertical position)
LDS Square pier 
(Plexiglas: 20cm x 20cm) 




     
 
Figure 3.5.Installation of LDS measuring system for rectangular piers.  
 




                                                                                                                                                                              
 Step motor 
(radial position) 
 Linear unit: LES 6
(vertical position) 
 Linear unit: LES 5 
(longitudinal position) 
LDSCarrier 
 Rectangular pier 
(glass: 20cm x 40cm)
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Figure 3.6. Coordinates systems for flow and bed topography measurements  
 
Analogue signals of distance sensor, step motors and linear units control systems were 
electronically filtered and transformed into digital format using a real-time data 
acquisition system. Real-time data acquisition and digital record were addressed by using 
an Adwin-L16 card with L16-CO1. Acquisition programs were written using real-time 
developing-tool AD-basic. Data was recorded at a Personal Computer using a FIFO 
strategy, registering time and Cartesian coordinates (x, y, and z) of measured points in the 
scour hole. 
 
Using one of the both positioning systems, the distance sensor was located in the pier 
model and aligned in the horizontal, vertical and radial directions to measure the scour 
hole radius at any point on the surface of the scour hole. Calibration curves for different 
radial directions around the pier were taken to determine the relations between the sensor 
signals and the measured radial distances. For square and rectangular pier, the effect of 
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refraction was taken in consideration when the laser beam being not perpendicular to the 
pier surface using a new calibration curve for each measuring direction.  
 
Vertical profiles were taken in different azimuthal half-planes by turning the distance 
sensor in step of 15º in case of circular and square piers. The system was translated along 
the rectangular pier with steps of 0.05m in the longitudinal direction. Scour at the edges 
of square and rectangular piers in azimuthal half-plane with θ = 45, 135, 225 and 315º 
were interpolated from measurements at θ = (43 & 47), (133 & 137), (223 & 227) and 
(313 & 315º), respectively where θ is the angle of azimuthal plane with the principal flow 
direction. Up to 30 radius values per measured point were recorded. Measured radius, 
vertical and longitudinal sensor positions were registered at a frequency of 70 Hz, 
allowing a very fast measurements of the scour hole. Measurements were performed 
continuously during running experiments. A measurement of the complete scour hole 
with vertical profiles containing about 10-60 points took about 30 and 60 seconds at the 
beginning of the experiment and about 180 and 360 seconds at the end of the 
experiments, depending on the bed material, sand or gravel. Therefore in the present 
study the measurements are considered to be instantaneous and the measuring technique 
is a non-intrusive high resolution system.     
 
The visualization and analysis of the measured data were carried out using much software 
such as Active Perl, MATLAB, Excel, Surfer and Tec Plot.   
 
Flow Velocity Field  
An Acoustic Doppler Velocimeter ADV, developed by SonTek (5cm down-looking and 
sampling rate up to 50 Hz) was mounted together with a vertical positioning on carriage 
in order to measure the three dimensional velocity components as well as the turbulence 
intensities. This instrument carriage was mounted on rails on the top of the flume sides 
allowing the movement of ADV in both longitudinal and transverse direction of the 
flume. Scales were fitted in the flume wherever necessary to provide a reference datum. 
The installation of the velocity measurement system as well as the pier model and the 
used axes are shown in Figure 3.7.   
Chapter 3 - Experimentation 
 38
 
Figure 3.7. Installation of velocity measurement system   
 
The cylindrical polar coordinates system (θ, r, z) were used to represent the flow velocity 
field. Here, the time-averaged velocity components in (θ, r, z) were represented by 
( wvu ,, ) and their fluctuations were ( ''' ,, wvu ) respectively. The set-up of distances from 
the bed, sampling durations at each point, sampling rates, and file names were provided 
with a PC-Software named HORIZON. The lowest possible point of ADV reading was 1 
cm above the bed. The sample durations were between 3-5 minutes depending on the 
turbulence to obtain statically time independent average-velocities. The output data of 
ADV was filtered using an algorithmic filtration unit. Velocity components and 
turbulence intensities were plotted in rz  planes using MATLAB, EXCEL and TECPLOT 
programs.    
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3.4 EXPERIMENTAL PROCEDURES AND DATA ACQUISITION 
 
In order to achieve the planed series, a strict experimental procedure was followed during 
the tests. The procedure which was divided to before, during and after the runs can be 
summarized as follows:  
 
Preparation of experiment: 
1. The pier shape, alignment or sediment material was changed between the 
experimental series. The circular pier was first embedded in uniform gravel. Then 
the square pier (alignment with the flow) was installed and tested with three 
different bed materials. This was followed by installing of the square pier with 
different angle of attack, 15, 30 and 45 degrees in gravel bed. Finally, the square 
pier was replaced with two rectangular piers one after the other that were tested 
also with the standard bed material, i.e. gravel, 
2. The laser distance sensor LDS and its positioning system were installed inside and 
above the pier model. The LDS was recalibrated between the pier shape or 
alignment experiments. Also the ultrasonic distance sensors UDS for water level 
as well as the ADV were mounted.  
3. Before each run, the bed was carefully leveled throughout its length especially in 
the working section in the vicinity of the pier using a trowel with screed. This 
trowel with screed is of the same width as the flume and can be dragged along the 
flume rails. Some measurements to check the leveling of the bed were taken 
randomly using the ultrasonic distance sensors. 
4. Photographic documentation was taken. 
5. The flume was very slowly filled with water from the two flume ends to the 
required water depth, taking care for escaping of the air bubbles from the bed and 
extra care for the sediment movement. The tailgate was kept fully closed during 
the filling with water. 
6. Finally, all instrumentations were checked.  
 
During-experiment: 
1. After filling the flume slowly to the required water depth, the pump was turned on 
and its speed was slowly increased until the required flow rate. Concurrent with 
speeding the pump, the tailgate was adjusted to maintain the required water depth 
in the flume. 
Chapter 3 - Experimentation 
 40
2. After the desired flow conditions were established, two velocity profiles at the 
centerline of the flume at a distance of 8m upstream and of 4m downstream the 
pier were measured using the ADV to check and control the desired velocity. 
3. The water depth was measured and controlled with UDS along the flume. 
4. The measurement of the geometric properties of developing scour holes proceeds 
as follows: the sensor LDS was firstly positioned at the centerline of the pier front 
at the original bed level. There, radius was measured by the LDS. After the 
performed measurement, LDS descend a given step in the vertical and another 
radius was registered continuing so until the bottom of scour hole was reached by 
the sensor. A vertical profile at an azimuthal plane was measured. Next, the LDS 
was driven up to the original bed level, and the vertical system was turned one 
step (i.e. 15 degrees), to get the next profile. In case of rectangular piers, the 
sensor was also moved along the pier sides by step of 5cm. After measurement of 
the complete scour hole, sensor was returned to the first position to start another 
measurement. The measured radius (its x and y components), the vertical distance 
from the original bed level (z) and the value of azimuthal half-plane angle (θ) 
were recorded.  
5. The measurement of the flow velocity field around the square pier in gravel bed 
using the ADV before scour started (planed bed) and after the equilibrium 
reached. Vertical profiles of the instantaneous three dimensional velocity 
components were measured at different distance from the original bed level along 
a length of 1 meter from the pier face. The measurements were carried out at five 
different azimuthal half-planes with θ = 0, 45, 90, 135 and 180º, where θ is the 
angle of the azimuthal plane and the principle flow direction. The output data 
from the ADV was filtered using a spike removal algorithm. 
6. Using an external video camera, flow field as well as sediment movement around 
the pier was monitored through the glass sidewalls of the flume.   
7. The tests were conducted until negligible scour rate, i.e. when maximum scour 
depth deepens less or equal to d50 per hour. Since no general sediment transport 
was achieved during the experiments. Then the pump was gradually stopped and 
the tailgate was fully closed to allow the flume to slowly drain through two 
hosepipes without disturbing the scour topography.  
 
 Post-experiment: 
1. Post-experiment photographs of the scour hole around the pier were taken. 
2. Recorded data was analyzed as in the next part. 
3. The above procedures were repeated for each test run. 
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Data processing, presentation and analysis 
After experimentation, automatic data analysis and white noise filter application for 
suppression of measurement errors was carried out. Programs were written in MATLAB. 
For characterization of scour holes and flow velocity fields, tables containing time and 
Cartesian coordinates were elaborated. Vertical profiles in different azimuthal half-planes 
were plotted for different times. Isolines showing scour hole shape for several time 
points, as well as time-averaged and instantaneous flow velocity fields, streamlines, and 
turbulent kinetic energy in different azimuthal planes were plotted using several software 
such as SURFER, TECPLOT and EXCEL. Average side slopes of scour hole were 
determined. Curves plotting scour depth, scour radius at different azimuthal planes, scour 
volume, and scour rate on time were created. Similarly, curves plotting scour depth at 
different azimuthal planes, scour radius at different azimuthal planes, scour volume, and 
scour rate on maximum scour depth at the front of the cylinder were plotted. These 
figures constitute the basis for data analysis. 
Existent scour formulas were used for calculation of the experimentally obtained scour 
depths, testing their performance. A new scour formula was proposed, applying 
dimensional analysis and using the experimental data for determination of formula 
coefficients and validation. 
 
3.5 EXPERIMENT SERIES 
 
To achieve the goals of the study, the experimental program was divided into three series 
of tests as follows: 
The first series of tests (Series R1) was designed to investigate the time development of 
the geometric characteristics of scour holes around piers of different shape in gravel bed. 
The used shapes were circular, square, rhombus and two rectangular piers with different 
lengths. Only clear water scour conditions with a flat bed were studied.  
The second series of tests (Series R2) was conducted to study the effect of angle of attack 
on local scouring around square piers. As my knowledge, the effect of angle of attack 
were tested and reported only for rectangular piers having pier width to length ratio from 
2 to 16  (see Laursen and Toch 1956). Four different angles of flow attack, α =0, 15,  
30 and 45º was tested also under clear water conditions near the threshold velocity in 
gravel bed. 
The third series of tests (Series R3) was preformed to evaluate the effect of sediment 
median grain size on the temporal variation of scour holes around square piers. Three 
different uniform bed materials, two sands in addition to the gravel one, were used with 
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the specific weight of 2.65 t/m
3
, the mean particle size of 0.25mm, 0.97mm and 3.25mm 
with geometric standard deviation gσ  = 1.37, 1.43 and 1.20, respectively.  
In addition to these three series, the flow field was measured around the square pier 
aligned with the flow in gravel in planed and scoured beds. 
A summery of the experimental series and conditions is shown in table 3.1 
 
























Investigation of pier shape; Series R1 
R1-VP1 circular 20 - 0 3.25 1.20 35.5 0.65 0.95 1.50 
R1-VP2 square 20 20 0 3.25 1.20 35.5 0.65 0.95 1.50 
R1-VP3 rhombus 20 20 0 3.25 1.20 35.5 0.65 0.95 1.50 
R1-VP4 rectangular 20 40 0 3.25 1.20 35.5 0.65 0.95 1.50 
R1-VP5 rectangular 20 80 0 3.25 1.20 35.5 0.65 0.95 1.50 
Investigation of angle of attack; Series R2 
R2-VA1 square 20 20 0 3.25 1.20 35.5 0.65 0.95 1.50 
R2-VA2 square 20 20 15 3.25 1.20 35.5 0.65 0.95 1.50 
R2-VA3 square 20 20 30 3.25 1.20 35.5 0.65 0.95 1.50 
R2-VA4 square 20 20 45 3.25 1.20 35.5 0.65 0.95 1.50 
Investigation of bed material; Series R3 
R3-VS1 square 20 20 0 0.25 1.37 30.0 0.26 0.94 1.34 
R3-VS2 square 20 20 0 0.97 1.43 29.0 0.32 0.95 1.50 
R3-VS3 square 20 20 0 3.25 1.20 35.5 0.65 0.95 1.5 
Measurements of flow field 
R* square 20 20 0 3.25 1.20 35.5 0.65 0.95 1.5 
 
Where D is the diameter/ of the circular/square pier, L and B are the length and the width 
of the rectangular pier, α is the angle of flow attack (the angle between the axis of the pier 
and the principle flow direction), d50 and gσ  the median particle size and the geometric 
standard deviation of the sediment, h and u is the mean approach flow depth and velocity, 
respectively and ucr is the critical mean flow velocity. For proposed experimental 
investigation, there were no measurable effect for the flume sidewalls on local pier scour, 
knowing that the maximum ratio of pier width to flume width was approximately 14% 
when the square pier aligned α = 45º with the flow direction that was lesser than (1: 6.25) 
~ 16% (Raudkivi and Ettema 1983).  






Results obtained from all conducted scour experiments are presented.  The general 
observations made of each experiment are discussed, including the time development of 
scour hole topography, depth, radius, slopes and volumes.  Additionally, the turbulent 
flow field around the square pier is presented and discussed, in order to provide an insight 
on the complex flow field.  
 
4.1 SCOURING AROUND SQUARE PIER IN GRAVEL: REFERENCE CASE 
 
The previous studies concerned mostly on measurement and prediction of maximum local 
scour depths at a single circular pier in sand beds (e.g. Ettema 1980, Zanke 1982a, 
Richardson 1987, Melville and Chiew 1999, Dey 1999, Richardson and Davis 2001, Mia 
and Nago 2003, Oliveto and Hager 2005, Ataie-Ashtiani and Beheshti 2006). Scour 
manuals as e.g. Hoffmans and Verheij (1997) incorporate the effect of pier shapes 
different to the circular cylinder. Studies on the temporal variation of scour around piers 
have been carried out by e.g. Oliveto and Hager 2002, 2005, Link 2006, Dey and Raikar 
2005, 2007, and Yanmaz and Köse 2007. Nevertheless, scarce references are found in the 
specialized literature on the spatio-temporal variation of the scour hole shape around a 
square pier in a gravel bed. In this section, the experimental results corresponding to a 
local scour experiment at a square pier in fine gravel are presented. 
Experiments were carried out in a relative large flume under clear water scour conditions 
with constant water depth of 0.30 m (i.e. h/D = 1.50) and approach flow velocity of 0.62 
m/s (i.e. u/ucr = 0.95). A 0.20x0.20m Plexiglas square pier (side facing the approaching 
flow) was mounted in the middle of the working section. The used bed material was 
uniform gravel with grain sizes ranging between 2.25 and 4.00 mm and having a median 
grain size, d50 of 3.25 mm and geometric standard deviation σg of 1.20.  
The test was conducted for more than 4 days, in order to reach almost the equilibrium 
conditions. However, an equilibrium scour condition was not achieved until the duration 
of 100 hours. The test was stopped because the scour was nearly reaching the bottom and 
sides of the flume. Notwithstanding the equilibrium condition did not occur, the scouring 
rate became very small. The achieved scour rate was just 0.47 mm/hr at the end of test. 
Moreover, the change in the measured maximum scour depth was only about 13 mm on 
the last day of the test. In this study, the obtained final scour depth after 100 hours is 
considered as the equilibrium scour depth, and the corresponding time is therefore taken 
as the reference time. This point is discussed more extensively in chapter 5.  
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4.1.1 Maximum Scour Depth 
In figure 4.1.1, the time development of maximum depths in the scour hole in azimuthal 
half-planes with θ = 0, 45, 90, 135, 180, 225, 270 and 315° are presented. During the first 
3000s, maximum scour depth in the scour hole moved from the azimuthal half-planes 
with θ = ± 45° and ± 315° to the centerline of the pier front at the plane with θ = 0°. At 
the pier wake, scouring was delayed and started at the plane with θ = 180° after 3240s, 
when the maximum scour depth at the pier front reached 0.21m. At the end of 
experiment, the maximum final scour depth, eqZ  observed at the plane with θ = 0° was 
0.458m (~2.29D).  The maximum scour depths observed at the pier sides at θ = 90° and 
wake at θ = 180° were 0.384m (~ 0.84 eqZ ) and 0.30m (~ 0.66 eqZ ), respectively.  
Note that scouring progressed with different velocities around the pier, i.e. at the pier 
front, sides and wake during the first 20% of the experimentation time. Then curves 
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Figure 4.1.1.  Time development of maximum scour depth in azimuthal half-planes with θ = 0, 45, 
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Figure 4.1.2 shows the maximum scour depth inside the scour hole and the corresponding 
scour rate (upper), as well as the rates of scouring in different azimuthal half-planes 
around the square pier (lower).  
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Figure 4.1.2. Maximum scour depth and corresponding scour rate (upper) and scour rates in 
different planes (lower) at the square pier over time [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95]. 
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As shown, scour progressed with decreasing rate, so that the obtained scour depth during 
the first hour was nearly as deep as in the following about 4 days. About 75% of the final 
scour depth was attained within the first 10 hours (10% of experiment time). The 
maximum scour depth at square pier in gravel bed was fitted well following equation 
[4.1] with a determination coefficient of R
2
 = 0.9965. 
2319.0)ln( 0481.0 += tZ t                                             [4.1] 
Where: tZ  is the maximum scour depth obtained at the end of the given time duration t . 
The scour rate is defined as the change in scour depth per change in time (mm/hr). As 
shown in figure 4.1.2, the rate of scour which was 830 and 350 mm/hr during the first 12 
and 22 minutes respectively, was drastically reduced to 10 mm/hr after 5 hours to about 
0.47 mm/hr at the end. 
The figure also shows the rates of scouring in different azimuthal planes around the pier 
as well as the tendency line. The negative slope of the fitted straight line which was 0.983 
denotes that the scour developed with decreasing rate with the time.  
 
4.1.2 Scour Geometry  
Figure 4.1.3 shows the development of scour hole topography around the square pier in 
gravel bed after 720, 5340, 11760, 35880, 144600 and 360060s. Scouring was noticed 
immediately after starting the test at the corners of the pier front at θ = ± 45 and ± 315°. 
Eventually scour propagated rather rapidly around the pier perimeter from both corners 
toward the centerline of the pier front with θ = 0°. The deepest point was firstly observed 
at the planes with θ = 45 and 315° during the first 3000s. Later, scour depth at the plane 
with θ = 0° approached maximum scour depth inside the scour hole. In this stage, a 
mound of the eroded sediment from the scour hole was firstly deposited close to the pier 
wake, and found to be moving downstream with time. Then the scoured region 
surrounded the pier after 3240s. 
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Figure 4.1.3. Developing scour hole topography at a square pier after 720, 5340, 11760, 35880, 144600 and 
360060s [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95]. 
 
Figure 4.1.4 presents maximum scour depths at different azimuthal half-planes for given 
times. At the upstream side of the pier between θ = 315, 0 and 45º, the gradient of scour 
hole bottom shows declination with time. The observed difference in maximum scour 
depth at planes with θ = 0 and 45º decreased from 26% at t =720s to 4.6% at the end of 
the test. At the downstream, flat region between azimuthal planes with θ = 210, 150 and 
180° was identified. In other words, the bottom of the scour hole looked like two nearly 
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Figure 4.1.4. Maximum scour depth in azimuthal half-planes with θ = 0, 15, 30, 45, 60, 
75, 90, 105, 120, 135, 150, 160 and 180° over time around a square pier  
[d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95]. 
Figure 4.1.5 presents the measured scour-slopes over time at the square pier front, sides 
and wake in planes with θ = 0, 45, 90, 135 and 180°. The plot corresponding to azimuthal 
half-plane with θ =135° contains data measured at the planes with θ =133 and 137°, and 
the tendency line. Scour hole shape remained nearly constant during the development of 
scouring. Close to the pier front, at θ = 0 and 45°, a flat ring shaped portion was 
observed. Over the ring, two uniform slopes were identified. The lower slope was steeper 
than the upper one. At the pier sides with θ = 90º, a nearly uniform slope over the ring 
shape portion was identified. A second concave slope located in the upper part of the 
profile at the pier wake with θ = 135 and 180º was observed.  The radius of this concave 
slopes was approximately 1.05 and 1.15 m at θ = 135 and 180º, respectively. Average 
slope of the scour hole sides diminished with θ, changing from an average of 36 to 16° at 
planes with θ = 0 and 180°. 
Average inclination of scour slopes in gravel did not exceed the natural repose angle 
significantly. Only one exception was the lower slope at the pier front that was about 48º.  
Scour hole shape and slope break suggest the action of three main vortices with different 
strength that being lower to the upper part of the scour hole. Counterclockwise vortex 
rotation contributes to side stabilization, explaining the existence of sides with a higher 
inclination than the natural repose angle.        
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Figure 4.1.5. Measured scour-slopes in azimuthal half-planes with θ = 0, 45, 90, 135, and 
180º over time at a square pier [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95]. 
 
Figure 4.1.6 relates between non-dimensional maximum scour radius (Rm,θ/D) at 
azimuthal half-planes with θ = 0, 45, 90, 135, and 180º and non-dimensional maximum 
scour depth (Zm,θ = 0º/D) in front of the pier with θ = 0º. The maximum scour radius 
correlated linearly well with maximum scour depth at the pier front, determination 
coefficient R
2
 between 0.93 and 0.99. The maximum scour hole radius for all azimuthal 
half-planes always exceeded the corresponding maximum scour depth in front of the pier 
with θ = 0º during the running time. The developing maximum scour radius (or the scour 
extent) increased from the upstream to the downstream with θ, reaching about 3.90D and 
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5.75D at the planes with θ = 0 and 180º at the end of the experiment, respectively. The 
obtained correlations can be used to estimate maximum scour radius, and then the scour 




























      











































































































Figure 4.1.6. Non-dimensional maximum scour radius in azimuthal half-planes with θ = 0, 45, 90, 
135, and 180º over non-dimensional maximum scour depth at azimuthal half-plane with θ = 0º at a 
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4.1.3 Scour Volume 
Figure 4.1.7 shows non-dimensional volume of developing scour holes on non-
dimensional scour time, and on non-dimensional maximum scour depth in front of the 
pier with θ = 0º. Since scour started at the pier’s front corners, scoured volume was 
recorded before maximum scour depth at the plane with θ = 0º was larger than zero. After 
the scour reached the pier’s front, the general tendency of the scoured volume was to 
correlate well with the maximum scour depth in front of the pier following a parabola 
with a determination coefficient of 0.97.  Thus, when providing maximum scour depth at 
the pier front, the obtained correlations can be used to calculate scour hole volume.  
The plotted curve between scour volume and time showed that the scour developed at a 
decreasing rate over time. About 75% of the maximum scour hole volume was obtained 
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Figure 4.1.7. Non-dimensional volume of developing scour holes on non-dimensional 
maximum scour depth (bottom) and on non-dimensional time (upper) at a square pier  
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4.1.4 Flow Field  
Bridge piers in a flow induce turbulence and vorticity that increase the risk of sediment 
bed scouring. Experimental investigation of the three dimensional turbulent flow field 
around a square pier (side facing the approaching flow) embedded in uniform gravel bed 
(d50 = 3.25mm & σg=1.20) is presented. Point flow velocities and turbulent intensities 
were measured with the acoustic doppler velocimeter (ADV). Measurements were carried 
out at the pier front, corners, sides and wake in azimuthal half-planes with  θ =0, 45, 90, 
135 and 180º. Clear water scour experiments were conducted over 100 hours with 
section-averaged flow depth of 0.30 m and velocity of 0.616 m/s which was 95% of the 
critical velocity for initiation of sediment motion at an undisturbed plane bed. Two 
experiments were conducted, namely (1) with a plane sediment bed and (2) in an 
equilibrium scour hole. Figure 4.1.8 shows the coordinate system for the velocity 
measurements. Results show the spatial distribution of time-averaged velocity 
components, flow vectors and time-absolute velocity as well as turbulence intensities 
components and turbulent kinetic energy.  
 
 
Figure 4.1.8. Coordinate system (Z = 0 at bed surface and θ = 0º at pier longitudinal axis) 
 
Velocity measurements 
Figure 4.1.9 shows the patterns of the time-average tangential velocity component u  (in 
cm/s) at azimuthal planes with θ = 0, 45, 90, 135 and 180º plane bed (left) and 
equilibrium scour hole (right).  At pier front with θ = 0º, the time-average tangential 
velocity component u  was relatively small, and increased with θ, becoming a maximum 
at pier sides with θ = 90º. At the pier wake from 90 to 180º, it diminished with θ. The 
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magnitude of u increased with the distance to the bed and decreased with the distance to 
the pier. The maximum observed values were 78.87 and 61.85 cm/s with θ = 90º (1.28 
and 1.004 Um) for plane bed and equilibrium scour hole, respectively. General speaking, 
higher velocities were observed around the pier in a plane bed. At the pier front with θ = 
0º, differences of 15% were observed. At pier wake with θ = 180º, the existence of wake 
due to the flow separation results in a reversible flow (negative values). 
 
Figure 4.1.9. Contours of time-averaged tangential velocity u (in cm/s) at azimuthal 
planes with θ = 0, 45, 90, 135 and 180º for plane (left) and scoured (right) beds. 
 
In figure 4.1.10, the contours of the time-average radial velocity component v (in cm/s) at 
azimuthal planes with θ = 0, 45, 90, 135 and 180º for the plane bed (left) and equilibrium 
scour hole (right) are shown. At pier front, flow separation was evident at the scour hole 
edge resulting in a reversal flow inside the scour hole. The imaginary line of separation 
where v = 0 was observed at a depth 0.45-0.75 times the local scour depth inside the 
scour hole. The maximum reversal v -value was 14.212 cm/s (0.23 Um) at θ = 45º. It 
confirmed that a strong horseshoe vortex existed inside the scour hole in front of the pier. 
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At pier sides with θ = 90º, the flow separation existed inside the scour hole with small v -
values than at the pier front. The reversal flow velocity at pier sides was about 20% less 
than it at pier front. At plane with θ = 135º, v -component was towards downstream and 
increased with increase in the vertical and radial distances with maximum value of 66.4 
cm/s (1.08 Um). At pier wake with θ = 180º, it showed reversal flow above the scour hole 
at R < 60cm (3D) because of the backflow and the flow separations. The v - component 
decreased with the decrease of the radial distance because of the vertical solid boundary 
(pier). It also decreased with increasing θ. 
 
Figure 4.1.10. Contours of time-averaged radial velocity v (in cm/s) at azimuthal planes 
with θ = 0, 45, 90, 135 and 180º for plane (left) and scoured (right) beds 
 
Figure 4.1.11 presents contours of the time-average vertical velocity component w  (in 
cm/s) at azimuthal planes with θ = 0, 45, 90, 135 and 180º for the plane bed (left) and 
equilibrium scour hole (right). At pier front and sides, distribution of w  was mostly 
downward (negative) in the flow zone and it was upward (positive) near the bed. At pier 
wake with θ = 180º, w  became upward (positive) as a result of the existing of suction 
Chapter 4 – Experimental Results                            Reference Case: Square Pier in Gravel 
 
 55
that helps to remove the sediment material. The magnitude of w  for the experiment in an 
equilibrium scour hole was greater than at the plane bed. The downward flow increased 
and the upward flow decreased with decrease in θ and radial distance R. The magnitude 
of w  grows clearly in zone R < 2D. The maximum measured value of w  was -30.43 cm/s 
(0.49 Um) to downward at θ = 0º and 22.75 cm/s (0.37 Um) upward at θ = 180º at the 
equilibrium state.  A core with a maximum w  occurred near the pier inside the scour hole 
at a depth of 0.25 times the local scour depth at the pier front and sides. The separation of 
flow was clearly evident below the edge of the scour hole at the pier front and sides 
between θ = 0 and 90º as a result of the natural reversal of w -component at the bed. The 
imaginary line of separation with w  = 0 was a curved line intersecting the scoured bed at 
the edge of the scour hole and near its base. 
 
Figure 4.1.11. Contours of time-averaged vertical velocity w (in cm/s) at azimuthal 
planes with θ = 0, 45, 90, 135 and 180º for plane (left) and scoured (right) beds 
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The contours of the time-average vertical velocity vector 22 wv +  (in cm/s) at azimuthal 
planes with θ = 0, 45, 90, 135 and 180º for plane bed (left) and equilibrium scour hole 
(right) are shown in figure 4.1.12. The characteristics of the horseshoe vortex and the 
strong downflow inside the scour hole at the pier front and sides with θ = 0 to 60º were 
evident. The flow was horizontal above the scour hole for R >2D for the solid bed and R 
> 3D for the equilibrium phase between θ = 0 to 45º. Then the flow gradually curved 
down towards the pier. At θ = 90 and 135º, the flow became outwards the pier above the 
scour hole with low circulation motion. At θ = 180º, it showed a swirl motion near the 
pier with R < 2D, and then the flow became gradually outwards the pier over the flow 
depth in the solid bed case. For the solid bed, the horseshoe vortex was not distinct while 
it became strong at the pier front for the equilibrium phase and decreased with increase θ. 
 
Figure 4.1.12. Velocity vector 22 wv +   (in cm/s) at azimuthal planes with θ = 0, 45, 
90, 135 and 180º for plane (left) and scoured (right) beds. 
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Figure 4.1.13 shows the contours of the time-average absolute velocity 
222 wvuU total ++=   (in cm/s) at azimuthal-half planes with θ = 0, 45, 90, 135 and 180º 
for plane bed (left) and equilibrium scour hole (right).  totalU  is a scalar quantity which 
represents the intensity of the total velocity.  For the plane bed, the magnitude of totalU  
increased with increasing θ from 0 to 135º then diminished towards the pier wake with θ 
= 180º. At θ = 45º, the existence of flow separation due to the pier edge cause smaller 
values of totalU . A region of rapid changing in totalU  near the bed was clear from the 
concentration of contour lines. In the equilibrium scour hole, totalU  values were smaller 
than those over the plane bed. At θ = 0º, the vertical flow component and the absence of 
the tangential velocity u was evident. At θ = 90º, the tangential velocity u was a 
predominant flow feature. While the vertical flow and the tangential velocity together 
characterized the flow at θ = 135º. At the pier wake with θ = 180º, the lower values of 
totalU  was observed near the pier face due to the back flow and the lower values of the 




























Figure 4.1.13. Contours of time-averaged absolute velocity 222 wvuU total ++=  (in 
















The pattern of turbulence intensities, ''uu , ''vv , and ''ww  (in cm/s) at azimuthal half-
planes with θ =0, 90 and 180º for plane bed (left) and for scoured bed (right) are shown in 
figures 4.1.14, 4.1.15 and 4.1.16.  The distributions of the turbulent intensities at different 
azimuthal planes were identical. The radial and tangential components of turbulent 
intensities were larger than the vertical one. At the pier front and sides, with θ = 0 and 
90º, the magnitudes ''uu , ''vv , and ''ww  decreased with the vertical distance from the 
bed. At θ = 180º on the scoured bed, the turbulent intensities first increased with z until 
an imaginary line of separation at a depth of 0.45-0.75 times the local scour depth inside 
the scour hole, then decreased again vertically, forming a core of high turbulent intensity 
over whole of the scour hole. At planes with θ = 0 and 90º, the turbulence intensities 
increased with decreasing distance to the pier when R < 2D due to the downflow and 




Figure 4.1.14. Contours of tangential turbulence intensity ''uu ( in cm/s) at azimuthal 
planes with θ = 0, 90 and 180º for plane (left) and scoured (right) beds 




Figure 4.1.15. Contours of radial turbulence intensity ''vv  (in cm/s) at azimuthal planes 
with θ = 0, 90 and 180º for plane (left) and scoured (right) beds 
 
 
Figure 4.1.16. Contours of vertical turbulence intensity ''ww (in cm/s) at azimuthal 
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The contours of the turbulent kinetic energy TKE [= )(50.0 '''''' wwvvuu ++ ] at the pier 
front, sides and wake with θ = 0, 90 and 180º for plane and scoured beds are plotted in 
figure 4.1.17. The distribution of TKE was similar to that of the turbulent intensity 
components. TKE values increased with θ and with decreasing r and z. The effect of 
turbulence lead to much more scouring in front of the pier than at the pier wake where up 
flow occurred.    
Unfortunately- to the best of our knowledge- very few researches on scouring and flow 
field around square pier in gravel beds are available for comparison of the presented 
results. Nevertheless the results of Dey and Raikar (2007) show a similar trend.  
 
 




) at azimuthal planes 
with θ = 0, 90 and 180º for plane (left) and scoured (right) beds. 
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4.2 EFFECT OF PIER SHAPE ON SCOURING IN GRAVEL 
 
The effect of pier shape on developing scour hole geometry was investigated using 
circular and two rectangular (with L/B = 2 and 4) piers, in addition to the square pier. The 
present section is devoted to discuss the general observations of each case, comparing to 
the reference case (square pier in gravel bed).  
 
4.2.1 Scouring around Circular Pier  
 
Time development of scour hole around a circular pier (0.20m diameter) in gravel bed is 
presented. Clear water scour experiment was performed with h/D = 1.50 and u/ucr = 0.95. 
The test was performed for more than 48 hours until the change in the scour depth 
became very small and insignificant. At the end of the test, the achieved erosion rate was 
0.98 mm per hour. Figure 4.2.1 shows photographs of the experimental set-up as well as 
the final scour hole. It has been seen that scour hole is symmetric around the longitudinal 
axis of the pier. 
  
  
Figure 4.2.1. Circular shape at plane (left) and scoured (right) beds  
[d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95].   
 
Figure 4.2.2 shows the development of maximum depths in the scour hole over time in 
azimuthal half-planes with θ = 0, 45, 90, 135, 180, 225, 270 and 315º. During the first 
10% of experimentation, different decreasing rates of scouring in different azimuthal 
half-planes around the pier were observed. Later, scour depths in all planes increased 
with time by nearly the same rate. During the first 3600s, maximum depth in the scour 
hole moved from azimuthal half-plane with θ = 45º to plane with θ = 0º. Scour was 
delayed at the azimuthal plane with θ = 180º and started when scour depth with θ = 0º 
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reached 0.11m (~ 0.50D). The maximum final scour depth eqZ  was 0.313m (~1.57 D) at 
the plane with θ = 0º. About 75% of eqZ was achieved during the first 14% of the test 
time. The maximum observed scour depth at θ = 90 and 180º were 0.90 eqZ   (0.283m) and 
0.66 eqZ  (0.208m), respectively. 
Maximum scour depth inside the scour hole was fitted well following the logarithmic 
equation 4.2, with determination coefficient of R
2
 = 0.99. 
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Figure 4.2.2. Time development of maximum scour depth in azimuthal half-planes with θ = 
0, 45, 90, 135 and 180° at a circular pier [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95].   
 
Figure 4.2.3 shows developing of scour holes topography at the circular pier after 660, 
1020, 3900, 18060, 72000 and 174300s. The scour started and progressed fast at the pier 
sides between planes with θ = 45 and 90º. The deepest point was found at θ = 45º during 
the first 3600s. Later, maximum scour depth inside the scour hole was located at the 
centerline of pier front with θ = 0º to the experiment end. At the pier wake, a deposition 
area was observed during the first 900s. Then the pier was surrounded with the scour.  
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Figure 4.2.3. Developing scour hole topography at a circular pier after 660, 1020, 3900, 8880, 
18060, 36600, 72000 and 173460s [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95].   
 
Figure 4.2.4 shows the maximum scour depths in azimuthal half-planes with θ = 0, 15, 
30, 45, 60, 75, 90, 105, 120, 135, 150 and 180° at the circular pier for given times. The 
gradient of the scour hole bottom diminished with time. A flat region between azimuthal 
half-planes with θ = 165 and 180º was observed. Remarkably, the gradient of the scour 
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Figure 4.2.4. Maximum scour depth in different azimuthal half-planes around a circular pier 
over time [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95].   
 
Figure 4.2.5 illustrates the development of scour-slopes in azimuthal half-planes with θ = 
0, 45, 90, 135, and 180º at circular pier with time. Similar to square pier, the shape of the 
scour hole remained nearly constant during the scour process. Close to the pier, a ring 
shaped groove was identified. The width of the ring at the circular pier was about 70-85% 
of the ring at the square pier. Over the ring, a nearly uniform slope was observed at the 
pier front and sides. At the pier wake, a second concave slope located in the upper part of 
the scour hole was observed. This radius of concave slope was about 3.75 the pier width. 
Average scour hole slopes diminished with θ, changing from an average of 38º to 19º at 
planes with θ = 0º and 180º. Note that scour slopes at the circular pier were milder than at 
the square pier. 
 
 
Chapter 4 – Experimental Results                                                              Pier Shape Effect 
 66













t [s] = 660
t [s]= 1020
t [s] = 3900
t [s] =  8880
t [s] = 18060
t [s] = 36600
t [s] = 72000
t [s] = 144180
t [s] = 174300
 













t [s] = 660
t [s] = 1020
t [s] = 3900
t [s] = 8880
t [s] = 18060
t [s] = 36600
t [s] = 72000
t [s] = 144180
t [s] = 174300













t [s] = 660
t [s] = 1020
t [s] = 3900
t [s] = 8880
t [s] = 18060
t [s] = 36600
t [s] = 72000
t [s] = 144180
t [s] = 174300
 













t [s] = 660
t [s] = 1020
t [s] = 3900
t [s] = 8880
t [s] = 18060
t [s] = 36600
t [s] = 72000
t [s] = 144180
t [s] = 174300













t [s] = 1020
t [s] = 3900
t [s] = 8880
t [s] = 18060
t [s] = 36600
t [s] = 72000
t [s] = 144180
t [s] = 174300 
Figure 4.2.5. Measured scour-slopes in azimuthal half-planes with θ = 0, 45, 90, 135, and 180º   
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Figure 4.2.6 shows non-dimensional volume of developing scour hole on non-
dimensional maximum scour depth in front of the pier at θ = 0º over time. Since scour 
started at the pier’s sides, scoured volume was recorded before scour reached the pier 
front. After the scour reached the pier front, the general tendency of the scoured volume 
was correlated well with maximum scour depth in front of the pier following a parabola 
as shown in the fig. 4.2.6 with a determination coefficient R
2
= 0.972. The suggested 
formula might be used to calculate the scour hole volume depending on the knowledge of 
maximum scour depth at θ = 0º.  
The figure shows also the relation between scoured volume and scour time. About 75% 
of the maximum scour hole volume was obtained during the first 43% of the experiment 
time. The obtained scoured volume at the circular pier was smaller than at the square pier 
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Figure 4.2.6. Volume of developing scour hole over time (upper), and over max scour depth 
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4.2.2 Scouring around Rectangular Pier with L/B = 2  
 
Clear water scour experiment was conducted using a rectangular pier with L/B = 2 
founded in the reference gravel bed (d50 =3.25m). The same flow conditions of the 
reference case test were performed (h/B = 1.5 and u/ucr = 0.95). The LDS system, showed 
in figure 2.5, was installed to measure the topography of scour hole over time. With this 
new positioning system, LDS can be driven in the vertical and radial direction and also 
can be shifted along the rectangular pier. Vertical profiles were taken in 32 different 
azimuthal planes at the pier by turning the LDS in step of 15 degrees around the pier front 
and wake and by shifting the LDS in step of 5 cm in the longitudinal direction. 
The experiment was conducted for more than 100 hours until the equilibrium conditions 
were achieved. The achieved erosion rate was about 0.37 mm/hr. The change in the 
maximum scour depth on the last day of the experiment was less than 10mm (0.05B) 
(Melville and Chiew1999). Figure 4.2.7 shows upstream and downstream views of the 
scoured bed at the rectangular pier at the end of the experiment. As shown, the scour hole 




Figure 4.2.7. Upstream (left) and downstream (right) views of the equilibrium scour hole at a 
rectangular pier with L/B = 2 [d50= 3.25mm, h/B=1.50 and u/ucr = 0.95]. 
 
Figure 4.2.8 shows the time development of maximum scour depth in two planes with θ = 
0 and 45º at the pier front, three planes with θ = 90º each 10 cm along the pier sides, and 
two planes with θ = 135 and 180º at the pier wake. At pier front, scour depths were 
observed immediately after the test started at the planes with θ = 0, 45 and 90º (x = 0).  
During the first 2280s, maximum scour depth in the scour hole was moved from 
azimuthal half-plane with θ = 45º to plane with θ = 0º. At pier wake with θ = 180º, scour 
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was delayed and started after 14100s when the maximum scour depth at θ = 0º reached 
0.28 m. At the end of the experiment, the equilibrium maximum scour depth eqZ  was 
0.42 m (~2.10 the pier width) at the centreline of pier front. At pier wake with θ = 180º, 
the final observed scour depth was 0.21 m. 
The obtained maximum scour depth at planes with θ = 0 and 180º at the rectangular pier 
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Figure 4.2.8. Time development of maximum scour depth in different azimuthal half-
planes at a rectangular pier with L/B = 2 [d50 = 3.25mm, h/B =1.50 and u/ucr = 0.95]. 
 
In figure 4.2.9, developing scour holes topography at rectangular pier with L/B = 2 after 
240, 3300, 9600, 174420 and 357840s are presented. Scour was noticed immediately 
upon starting the test around the pier’s corners with θ = 45º and 315º. Eventually scour 
propagated rather rapidly around the pier perimeter from both corners toward the center 
line of the pier front with θ = 0º.  At this stage, the scour hole shape was a ring-like 
groove formed by the scouring process around the upstream face of the pier, and mound 
of the eroded sediment from the scour hole on the sides and wake of the pier. This mound 
of sediment was found to be moving to the downstream with time. Scoured region 
surrounded the rectangular pier after 14100s, which was about 4 times longer than at the 
square pier. The deepest point of the scour hole moved from plane with θ = 45º to the 
centerline of the pier front with θ = 0º during the first 2280s.  
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Figure 4.2.9. Developing scour hole topography at a rectangular pier with L/B = 2 after 240, 
3300, 9600, 20580, 174420 and 357840s [d50= 3.25mm, h/B=1.50 and u/ucr = 0.95]. 
  
Figure 4.2.10 shows maximum depths of the scour hole in different azimuthal half-planes 
around the rectangular pier L/B = 2 for given times. In pier front, the gradient of scour 
hole bottom diminished with time, reaching a nearly flat bed at the experiment end with a 
difference of only 3.6% in scour depths at θ = 0 and 45º. A flat region observed initially 
downstream the plane with θ = 90º and x = -0.10 m, reduced to be only in the pier wake 
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Figure 4.2.10. Maximum scour depth in different azimuthal half-planes at a rectangular 
pier with L/B = 2 over time [d50= 3.25mm, h/B=1.50 and u/ucr = 0.95]. 
 
Figure 4.2.11 presents the measured scour hole profiles at azimuthal planes with θ = 0, 
45, 90 (for x=0 and -0.20m), 135 and 180º. The plot corresponding to plane with θ =135º 
contains data measured at θ =133 and 137º and the tendency line. The shape of the scour 
hole remained nearly constant during the experiment. Average slopes over a flat ring 
shaped portion close to the pier were observed. At the pier front with θ = 0º, two concave 
slopes similar to those at the square pier were observed. The lower slope was also steeper 
than the upper one. At the plane with θ =45º, two average slopes initially observed at the 
beginning of the test, was reduced to only one uniform slope at the end of the test. At the 
pier sides at planes with θ =90º, a second concave slope in the upper part of the profile 
was identified. A flat slope in the middle part of profile at θ =90º and x = 0.20 was 
observed. Average slopes of the scour hole diminished with θ, changing from an average 
slope of 36 to 21º at planes with θ = 0 and 180º respectively. The width of the ring 
portions at the square and rectangular piers was nearly the same in front of the pier, but it 
was wider at the wake of the rectangular pier.                  
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Figure 4.2.11. Measured scour-slopes in azimuthal half-planes with θ = 0, 45, 90 (x = 0 & -0.20m), 
135, and 180º at a rectangular pier with L/B = 2 for given times  






Chapter 4 – Experimental Results                                                              Pier Shape Effect 
 73
4.2.3 Scouring around Rectangular Pier with L/B = 4  
 
The geometric properties of scour holes around a glass rectangular pier with L/B = 4 
(20cmx80cm) are presented. Clear water experiment was conducted with approaching 
flow velocity equal to 95% of the critical flow velocity (u/ucr = 0.95) and approach flow 
depth equal to 1.50 time the pier width (h/B=1.50). The reference sediment bed of 
uniform gravel was used. Vertical profiles of the scour hole were taken in 36 different 
azimuthal half-planes around the pier. In the radial direction, the LDS was turned in step 
of 15º around the pier front and wake. In the longitudinal direction, the sensor was shifted 
it in step of 10cm. The experiment was conducted for more than 4 days until the 
equilibrium was achieved. The achieved scour rate was 0.48mm/hr (less than d50) (Link et 
al. 2008). The rate of change of scour depth on the last experimentation day was less than 
0.05B (10mm) (Melville and Chiew 1999).   
Figure 4.2.12 presents views of the scour hole at the beginning of the run, after three 
hours and at the experiment end. As shown, a mound of the eroded sediment from the 
scour hole, which was firstly observed on the pier sides, found to be moving downstream.  
        
    
Figure 4.2.12.  Propagation of eroded sediment during the beginning of the test (upper), and 
upstream (down-left) and downstream (down-right) views of equilibrium scour hole at a 
rectangular pier [d50 = 3.25mm, h/B =1.50 and u/ucr = 0.95]. 
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In figure 4.2.13, the development of maximum scour depths with time for different 
azimuthal half-planes around the rectangular pier, L/B = 4 are presented. In a duration 
shorter than at the square pier, the maximum scour depth in the scour hole was moved 
from the plane with θ = 45º to the centerline of the pier front with θ = 0º during the first 
1620s. Scouring progressed slowly towards the downstream of the pier, reaching 
azimuthal half-plane with θ = 180º after 16500s, when scour depth at plane with θ = 0º 
was 0.275m. To the end of test, maximum scour depth which observed at θ = 180º was 
about 25% of that at θ = 0º. The ratio of maximum scour depths observed at the pier sides 
at θ = 90º with x = 0 and -0.60m was 0.54. The maximum clear-water equilibrium scour 
depth, eqZ  which observed at θ = 0º was 0.415m (2.075 B). 
The observed equilibrium scour depth at the rectangular pier with L/B = 4 was about 90% 
of that observed at the square pier shape. For the tested rectangular piers, no significant 
effect of the tested pier length-width ratio (L/B = 2 and 4) was observed. The current 
results distinguish between the developing and equilibrium scour depths at square and 
rectangular piers, which are not taken into account in Laursen and Toch (1956). 
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Figure 4.2.13. Time development of maximum scour depth in different azimuthal half-planes 
at a rectangular pier with L/B = 4 [d50 = 3.25mm, h/B =1.50 and u/ucr = 0.95]. 
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Figure 4.2.14 shows the measured scour patterns after 420, 2040, 9060, 17340, 174720 
and 357960s at rectangular pier (L/B = 4) in gravel bed. Scour was noticed immediately 
after starting the test around the corners of the pier front with θ =45º. Eventually scour 
propagated rather rapidly from both corners toward the pier front with θ =0º. During the 
first 1620s, the deepest point in the scour hole was moved from plane with θ = 45º to the 
centerline of the pier front with θ = 0º. At this stage, scour hole shape was a ring-like 
groove formed by the scour process around the upstream face of the pier. A mound of the 
eroded sediment from the scour hole was accumulated at the pier sides, reaching the 
plane with θ = 135º during the first 10800s (three hours). This sediment mound, which 
was firstly observed on the pier sides and wake, found to be moving to the downstream, 
and scour surrounded the pier after 16500s (4.50 hrs). The extent of the scour hole at the 
rectangular pier with L/B = 4 was larger than at the square pier, but its depth was smaller.     
 





Figure 4.2.14. Developing scour hole topography at a rectangular pier with L/B = 4, after 420, 
2040, 9060, 17340, 174720 and 357960s [d50 = 3.25mm, h/B =1.50 and u/ucr = 0.95]. 
 
Figure 4.2.15 shows maximum depths inside the scour hole in different planes around the 
rectangular pier with L/B = 4 over time. At the pier front, the gradient of the scour bottom 
diminished with time. The difference in maximum scour depths at θ = 0 and 45º 
decreased from 45% at t = 420s to less than 3% at the experiment end. A flat region was 
observed between the planes with θ = 150 and 180º at the end of the test. The gradient of 
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Figure 4.2.15. Maximum scour depth in different azimuthal half-planes around              
a rectangular pier with L/B = 4 over time [d50 = 3.25mm, h/B =1.50 and u/ucr = 0.95]. 
 
Figure 4.2.16 shows the measured scour-slopes in azimuthal half-planes with θ = 0, 45, 
90 (x = 0), 90 (x = -0.20 m), 90 (x = -0.40 m), 90 (x = -0.60 m), 135, and 180º for given 
times. At the pier front with θ = 0 and 45º, the shape of the scour hole was similar to that 
observed at the square pier. A nearly uniform slope and a ring shaped portion close to the 
pier were observed. Also, a steeper slope at the lower part of the profile was identified. 
The inclination of this lower slope was smaller than at the square pier. At pier sides with 
θ = 90º and x = 0, -0.20 and -0.40 m, milder slope in the middle part of the profile 
followed by a second concave slope was observed, and at x = -0.60 m the slope became 
nearly uniform. The width and depth of the scour decreased to the downstream 
significantly. At the pier wake with θ = 135 and 180º, the radius of the scour hole was 
smaller than at the square pier.  
Average slopes of the scour hole diminished with θ, changing from an average slope of 
36 to 12º for the planes with θ =0 and 180º, respectively. The extent of scour hole at 
rectangular pier with L/B = 4 is 10% larger than at the square pier.    
 















t [s] = 420 t [s] = 1200
t [s] = 2040 t [s] = 9060
t [s] = 17340 t [s] = 39060














t [s] = 420
t [s] = 1200
t [s] = 2040
t [s] = 9060
t [s] = 17340
t [s] = 39060
t [s] = 174720
t [s] = 357960
 












] t [s] = 420
t [s] = 1200
t [s] = 2040
t [s] = 9060
t [s] = 17340
t [s] = 39060
t [s] = 174720
t [s] = 357960













t [s] = 2040
t [s] = 9060
t [s] = 17340
t [s] = 39060
t [s] = 174720
t [s] = 357960
 













t [s] = 9060
t [s] = 17340
t [s] = 39060
t [s] = 174720
t [s] = 357960













t [s] = 17340
t [s] = 39060
t [s] = 174720















t [s] = 17340
t [s] = 39060
t [s] = 174720




















t [s] = 17340
t [s] = 39060
t [s] = 174720









Figure 4.2.16. Measured scour-slopes in different azimuthal half-planes at a rectangular pier 
with L/B = 4 for given times [d50 = 3.25mm, h/B =1.50 and u/ucr = 0.95]. 
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4.3 EFFECT OF ALIGNMENT ON SCOURING AT SQUARE PIER IN GRAVEL 
 
The square pier was aligned with four different angles of attack α = 0, 15, 30 and 45º, in 
order to account the effect of square pier alignment on scour development. The 
experiments were performed during 4 days or more under the same flow and bed 
conditions as the reference case. The obtained experimental results are presented in the 
current part of thesis.  
 
4.3.1 Scouring around Scour Pier with α = 15º  
 
The first non alignment of the square pier was at angle of attack of α = 15º with the 
principle flow direction. The experiment was conducted under clear water scour 
conditions with h/D =1.50 and u/ucr = 0.95 over 100 hours, trying to achieve the 
equilibrium state when the erosion rate becomes less than d50 per hour. The achieved 
scour rate was 0.42 mm/ hour. Figure 4.3.1 shows the upstream and downstream views of 
the equilibrium scour hole. The asymmetry of the scour hole was evident.  
 
 
   
Figure 4.3.1.  Upstream (left) and downstream (right) views of equilibrium scour hole            
at a square pier with α =15º [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95]. 
 
Figure 4.3.2 shows the time development of maximum scour depths at square pier aligned 
with in α = 15º, for azimuthal planes for θ = 0, 15, 45, 90, 133, 180, 195, 225, 270 and 
315°. During the first 20% of experimentation, scour progressed with difference rates in 
different azimuthal planes, faster at planes with θ = 315 and 270º than at planes with θ = 
45 and 90º respectively. Later, scour propagated on all planes with nearly the same 
erosion rate. During the first 35400s, maximum scour depth inside the scour hole moved 
from the plane with θ = 315º to the main flow direction with θ =15º. At planes with θ =0 
and 15º, negligible difference in the measured maximum scour depths was found. At the 
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pier wake θ =195º, scour was delayed and started after 2760s when maximum scour 
depth at θ = 315º reached about 0.23 m.  
The maximum clear-water equilibrium scour depth, eqZ  was 0.4268 m (2.13D) and 
located at the main flow direction with θ =15º. The maximum depths observed at planes 
with θ = 90, 270 and 180º were 0.3523, 0.3722 and 0.283 m.  
As shown, the maximum scour depth decreased when the square pier aligned with α  ≠ 0. 
The scour surrounded the non-aligned faster than at the aligned square pier. At non 
aligned pier, the migration of the point of maximum scour depth to the main flow 













































































Figure 4.3.2. Time development of maximum scour depth in different azimuthal half-plane at 
a square pier with α =15º [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95]. 
  
Figure 4.3.3 presents the patterns of temporary and equilibrium scour holes at square pier 
with α =15º for given time and at the end of the experiment. Scour started and progressed 
fast at the corners of pier front at planes with θ =45 and 315º. The deepest point was 
found at θ =315º during the first 10 % of experimentation. Later, maximum depth inside 
the scour hole was observed at the main flow direction, with θ = α =15º. At the wake 
region, a mound of the eroded sediment was observed between planes with θ =180 and 
195º, and found to be moving to the downstream. The pier was surrounded with the scour 
after less than 1 % of the experiment time.  
Chapter 4 – Experimental Results                                                      Pier Alignment Effect 
 81
The asymmetry of the scour hole increased when the pier not aligned with the flow 
direction. The scour hole topography was turned around the pier with the flow direction. 
The extent and depth of the scour hole at the planes with θ =315 and 270º were 
approximately 5% larger than at planes with θ =45 and 90º. 
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Figure 4.3.3. Developing scour hole topography at a square pier with α =15º after 360, 
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Figure 4.3.4 shows the maximum scour depths in different azimuthal half-planes with 
time, for square pier with α =15º. The bottom of the scour hole can be described as flat 
levels in front and wake regions linked together with gradient. The gradient of the scour 
bottom decreased and the width of the flat bottoms increased with time. At the end of the 
experiment, flat regions were identified between planes with θ = 30 and 330º at the pier 
front, and between planes with θ = 150 and 210º at the pier wake.   
The gradient of scour hole bottom at square pier with α =15º was higher than at the 
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Figure 4.3.4. Maximum scour depth in different azimuthal half-planes around a square pier 
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Figure 4.3.5 presents the measured data as well as the tendency lines of non-dimensional 
volume of developing scour holes on non-dimensional maximum scour depth and time. 
The scoured volume correlated well to the maximum scour depth as well as to the scour 
time. The suggested scoured volume-depth formula can be used to estimate the scour hole 
volume depending on the knowledge of maximum scour depth with a determination 
factor R
2
= 0.97.  
The curve of scoured volume-scour time showed that about 75 % of the maximum scour 
hole volume was obtained after 51% of experimentation. 
The increase of the angle of attack from α = 0 to 15º resulted in a decrease in the scoured 
volume. For square pier with α = 15º, the volume of the equilibrium scour hole was about 
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Figure 4.3.5. Non-dimensional volume of developing scour holes on non-dimensional 
maximum scour depth (bottom) and on non-dimensional time (upper)  
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4.3.2 Scouring around Scour Pier with α = 30º  
 
A clear-water scour experiment at square pier aligned with α = 30º was conducted. After 
100 hours running time, scouring reached the equilibrium with scour rate of 0.27 mm/hr 
which was less than d50.  
Views of the equilibrium scour hole were presented in figure 4.3.6. 
 
    
Figure 4.3.6.  Upstream (left) and downstream (right) views of equilibrium scour hole          
at a square pier with α = 30º [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95]. 
 
The time development of maximum scour depth in different azimuthal planes around the 
pier is presented in figure 4.3.7. During the first 109860s, maximum depth in the scour 
hole was moved from azimuthal plane with θ = 317º to planes with θ = 30º with a 
negligible difference of about 1.2% with θ = 0º at the end of the experiment. The 
maximum scour depths observed at planes with θ = 270 and 228º were initially greater 
than that observed at planes with θ = 135 and 180º. After 40500s, the scour depths at θ = 
270 and 135º as well as at θ = 228 and 180º were nearly the same. The maximum clear 
water equilibrium scour depth, eZ  observed at the pier front was 0.4158 m (2.08D). 
Noted that the equilibrium scour depth at square pier aligned at α =15º is about 90% of 
that observed at square pier aligned with α = 0º.    















































































Figure 4.3.7. Time development of maximum scour depth in different azimuthal half-planes 
at a square pier with α = 30º [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95]. 
 
Figure 4.3.8 gives an idea about the topography of developing scour holes at square pier 
aligned with α = 30º. Scouring started and progressed very fast around the pier perimeter 
between planes with θ = 255º- 30º. For a very short period, a deposition region was 
observed between planes with θ = 165-210º, then scouring surrounded the pier after 960s. 
During the first 31% of experimentation, the deepest point in the scour hole was located 
at plane with θ = 317º. Later, maximum depth in the scour hole was shifted to the main 
flow direction at θ = α = 30º, with small difference of 1.10 % and 3.0 % with those at 
planes with θ = 317 and 45º respectively. The depth of the scour hole at the pier front 
between θ = 315 and 45º was 25% deeper than at the pier side between θ = 60 and 120º, 
and 10% deeper than at the pier wake between θ = 180 and 210º. 
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Figure 4.3.8. Developing scour hole topography at a square pier with α =30º after 480, 
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Figure 4.3.9 shows maximum scour in different azimuthal half-planes at square pier 
aligned with α =30º for given times. Two flat regions at the upstream were observed, one 
was deeper and located between planes with θ = 315 and 45º and the other was between θ 
= 60 and 120º. While two gradients between θ = 135 and 180º and between θ = 315 and 
210º were observed at the downstream of the pier.  
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Figure 4.3.9. Maximum scour depth in different azimuthal half-plane at square pier with α = 
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Figure 4.3.10 relates between the non-dimensional scour hole volume of developing 
scour hole and the non-dimensional scour hole depth as well as with the non-dimensional 
time. The volume of developing scour hole correlated well to the scour depth. Depending 
on the knowledge of maximum scour depth, the scoured volume might be estimate using 
the suggested parabolic formula with R2 = 0.94. 
The figures showed also that about 75% of the maximum scour hole volume was 
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Figure 4.3.10. Non-dimensional volume of developing scour holes on non-dimensional 
maximum scour depth (bottom) and on non-dimensional time (upper),                      
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4.3.3 Scouring around Scour Pier with α = 45º  
 
A 100 hours clear water scour experiment was carried out using square pier aligned 45º 
with the principle flow direction. The test was stopped after 100 hours because the scour 
hole was nearly reaching the sides of the flume. The achieved scour rate was 0.58 
mm/hour. Figure 4.3.11 shows the upstream and the downstream views of the final scour 














   
Figure 4.3.11.  Upstream (left) and downstream (right) views of the final scour hole            
at a square pier with α = 45º [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95]. 
 
Figure 4.3.12 explain the development of maximum scour hole depths in different 
azimuthal planes with θ = 0, 45, 90, 135, 180, 225, 270 and 315º around the pier during 
the test. During the first 101940s, maximum scour depth in the scour hole moved from 
azimuthal plane with θ = 135 and 315º to azimuthal plane with θ = 0º. Observed 
difference between the measured maximum depth of scour at planes with θ = 0 and 45º 
(the flow direction) decreased from 35 % at t = 480s to 5 % at the end of the experiment. 
Scouring advanced to the pier wake at plane with θ = 225º after only 480s. The maximum 
observed scour depths at planes with θ = 135 and 225º were about 83% and 68% of that 
at θ = 0º. The maximum final scour depth Zeq observed at planes with θ = 0 and 90º was 
0.402m (~2.0D), i.e. about 88% of that observed at square pier with α = 0º. 
   
 






































































θ = 0, 90º
θ = 135, 315º
θ = 180, 270º
θ = 225º
Figure 4.3.12. Time development of maximum scour depth in different azimuthal half-planes 
at a square pier with α = 45º [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95]. 
 
Figure 4.3.13 shows developing scour hole topography after given time at a square pier 
aligned with α = 45º in gravels. Scouring was noticed immediately upon starting the run 
at azimuthal planes with θ = 135 and 315º and eventually propagated rather rapidly 
around the pier from both sides toward the pier front with θ = 45º.  At the wake region 
between θ = 210-225-240º, a deposition region was observed during the first 0.10% of the 
experimentation. Then scoured region surrounded the pier perimeter. The deepest point 
was always observed on the upstream sides of the pier, firstly at planes with θ = 135 and 
314º during the first 30% of the experiment time. Then scour depth at planes with θ = 0 
and 90º approached the maximum scour depth inside the scour hole with a small 
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Figure 4.3.13. Developing scour hole topography at a square pier with α = 45º after 480, 
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In figure 4.3.14, the measured maximum scour depths in the scour hole in azimuthal 
planes at the square pier with α =45º for t = 240, 480, 960, 2040, 5700, 11540, 35820, 
198000 and 360240 seconds are presented. The gradient of the scour hole found to be 
decreased with time. At the upstream between θ = 315-0-45-90-135º, a nearly flat bottom 
of the scour hole was observed at the end of the experiment.  
The gradient of the scour hole bottom at the square pier aligned with α = 0º was higher 
than at the square pier with α =45º.   
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Figure 4.3.14. Maximum scour depth in different azimuthal half-planes around a square 
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Figure 4.3.15 shows the relation between non dimensional scour hole volume and depth 
of developing scour hole over time. The volume of scour hole was correlated well 
following the suggested parabolic formula with a good determination factor of 0.95.  
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Figure 4.3.15. Non-dimensional volume of developing scour holes on non-dimensional 
maximum scour depth (bottom) and on non-dimensional time (upper),                            
for square pier with α = 45º [d50 = 3.25mm, h/D =1.50 and u/ucr = 0.95]. 
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4.4 EFFECT OF SEDIMENT SIZE ON SCOURING AROUND SQUARE PIER 
 
Additionally to the standard fine gravel two sediment sizes, namely fine/medium sand 
and coarse sand were tested under the clear water scour conditions, in order to account 
the effect of sediment size on scouring.  
 
4.4.1 Scouring around Square Pier in Fine/Medium Sand 
 
The time-dependent scour hole geometry at a square pier founded in fine to medium sand 
bed with d50 = 0.25 mm and σg = 1.20 is presented. In literatures, it is written that the 
probability to maintain a plane bed (i.e. clear water conditions) near the threshold 
conditions is very low for ripple forming sediment d50 < 0.70mm (Raudkivi and Ettema 
1983, Breusers and Raudkivi 1991). The given reason was that the ripples are expected to 
develop when u > 0.60 ucr. However, clear water conditions were achieved in the present 
test with approaching flow intensity u/ucr ≈ 0.94 and flow depth-width ratio h/D = 1.35, 
when the filling of flume and the starting of the test were good controlled. A flat bed was 
observed in the upstream for more than 2 days running time, as shown in figure 4.4.1. 
Figure 4.4.1 shows also upstream view of the final scour hole at the end of the 
experiment. Scour hole topography, which was symmetric around the longitudinal axis of 
the pier, consisted of a hole in front of the pier and an alternate formation of depressions 
and ripples in the wake region. 
   
Figure 4.4.1. Upstream view of the final scour hole at a square pier       
[d50 = 0.25mm, h/D =1.35 and u/ucr = 0.94]. 
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Figure 4.4.2 shows the development of maximum depth in the scour hole with time in 
azimuthal half-planes with θ = 0, 45, 90, 135, 180, 225, 270 and 315º. The scour started 
to develop fast at the plane with θ = 45º after the test started. While at the pier front with 
θ = 0º, the scour delayed and started after about 780s. Although scour reached the planes 
with θ = 90 and 135º during the first 1380s and 6420s respectively, no scour at the pier 
wake with θ = 180º was recorded during about 90% of the running time (165000s) at the 
pier wake with θ = 180º. The maximum depth of the scour hole was observed at the 
corner of the pier front with θ = 45º during the first 114840s. Later, it moved to the 
centerline of the pier front with θ = 0º with a negligible difference of about 2% with the 
depth at θ = 45º. At the end of the experiment, the maximum clear water scour depth 
observed at θ = 0º was 0.165m (0.825D). The maximum scour depths observed at the 
planes with θ = 90 and 180º were 0.1314m (80% that at θ = 0º) and 0.0232m (0.14% of 
that at θ = 0º).  
The maximum depth in the scour hole over time was fitted well following equation 4.3 
with determination coefficient R
2
 = 0.98: 
038.0)ln(017.0 −= tZt              [4.3] 
Note that the observed maximum scour depths at the pier front and wake in fine/medium 






































































Figure 4.4.2. Time development of maximum scour depth in different azimuthal half-planes 
around a square pier [d50 = 0.25mm, h/D =1.35 and u/ucr = 0.94]. 
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In figure 4.4.3, developing scour hole topography after 780, 3720, 9480, 17820, 72060 
and 174660s at a square pier in fine/medium sand are presented.  The removal of sand in 
the vicinity of the pier was noticed immediately after the test started. Scouring started  
and progressed fast at the corners of pier front at θ = 45 and 315º, where also the deepest 
point of the scour hole was initially observed. Then scour propagated rather towards the 
centerline of the pier front reaching the plane with θ = 0º after 780s. In this stage, ripple 
formations were observed at the wake region. The deepest point of the scour hole which 
was firstly found at the plane with θ = 45º, migrated to the plane with θ = 0º during the 
first 114840s. In front of the pier, the difference in scour depths at planes with θ = 0 and 
45° decreases from 73% at 780s to negligible value of 2% at the test end. Scour 
propagated slowly to the pier wake and surrounded the pier after about 165000s.  
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Figure 4.4.3. Developing scour hole topography at a square pier after 780, 3720, 9480, 
17820, 72060 and 174660s [d50 = 0.25mm, h/D =1.35 and u/ucr = 0.94]. 
 
Figure 4.4.4 shows the measured scour hole slopes for given times for azimuthal half-
planes with θ = 0, 45, 90, 135, and 180º at the square pier. The shape of scour hole 
remained nearly the same during experimentation. A ring shaped portion close to the pier  
and a nearly uniform slope over it were observed. The width of the ring increased and the 
average side-slopes decreased with the increase of θ. The observed side slopes which 
were about 30 and 24º at the planes with θ = 0 and 90º, never exceeded the natural angle 
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60% smaller than in gravel bed. At the pier wake, an inclination with ripples was 
identified. At the end of test, the extent of the scour hole in fine/medium sand was nearly 
half the extent in gravel bed, being approximately two times the pier width. 
The shape and slopes of the scour hole showed that the strength of horseshoe vortex in 
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Figure 4.4.4. Measured scour-slopes in different azimuthal half-planes at a square pier  
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Figure 4.4.5 relates between non-dimensional scour hole volume and non dimensional 
maximum scour depth in front of the pier over time. The general trend of scour hole 
volume in fine/medium sand was nearly the same trend of the reference case (in gravel). 
The pronounced difference was in the obtained values of scoured volume in the same 
time. Scour volume correlated well with maximum scour depth at pier front following a 
parabola with determination coefficient of R
2 
= 0.972. The given formula might be used 
to calculate the scour hole volume depending on knowledge of scour depth in front of the 
pier.  
The volume-time-curve showed that 75% of the maximum scour hole volume was 
achieved in the first 55% of the experiment time. The erosion intensity at the scour hole 
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Figure 4.4.5. Volume of developing scour hole over time (upper) and maximum scour depth 
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4.4.2 Scouring around Square Pier in Coarse Sand 
 
The time variations of scour holes around a square pier embedded in uniform coarse sand 
bed with d50 = 0.97mm are presented. Experiment was conducted under clear water scour 
conditions with Flow intensity ratio u/ucr = 95% and with flow depth to pier width ratio 
h/D =1.50. The experiment was performed during 70 hours. However the equilibrium 
scour conditions did not achieved, the scour rate became very small. The achieved scour 
rate was 0.82 mm/hr.  
Figure 4.4.6 shows upstream and downstream views of the final scour hole. As shown, 
the scour hole was symmetric around the longitudinal axis of the pier. A mound of the 
eroded sediment from the scour hole was observed at the downstream. 
 
   
Figure 4.4.6. Upstream (left) and downstream (right) views of the final scour hole  
at a square pier [d50 = 0.97mm, h/D =1.50 and u/ucr = 0.95]. 
 
In figure 4.4.7, maximum scour depths in different azimuthal half-planes around the pier 
during the experiment are presented. Similar to gravel bed, scouring started and 
progressed fast at the pier front corners with θ = 45º. Eventually scour propagated with 
different velocities toward the front and wake of the pier, reaching the planes with θ = 0 
and 135º during the first 360s and 2600s, respectively. At θ = 180º, scour was delayed 
and started after 24780s when the maximum scour depth at the pier front reached 0.16m. 
During the experiment, the maximum depth inside the scour hole was always observed at 
the upstream face of the pier, initially at θ = 45º during the first 198800s (80% of the 
experiment time). Later, it moved to the plane with θ = 0º with a negligible difference of 
1.1% with the depth at θ = 45º at the end of the experiment.  
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The maximum final scour depth, eqZ  observed at θ = 0º was 0.231m (1.16 D) at the end 
of test. The maximum observed scour depths at the sides and wake of the pier with θ = 90 
and 180º were 0.194 m (0.84 eqZ ) and 0.104m (0.45 eqZ ), respectively.          
Maximum scour depth inside the scour hole at square pier in coarse sand bed follows the 
logarithmic equation 4.4 with determination coefficient of R
2
= 0.993: 






































































Figure 4.4.7. Time development of maximum scour depth in different azimuthal half-planes 
at a square pier [d50 = 0.97mm, h/D =1.50 and u/ucr = 0.95]. 
 
Figure 4.4.8 shows development of the scour patterns at square pier in coarse sand bed 
after 720, 2040, 5400, 35880, 72480 and 250500s. Scour started and progressed fast at 
the corners of the pier front with θ = 45º, and eventually propagated during the first 360s 
from the both corners toward the pier front with θ = 0°. At this stage, the upstream half of 
the scour hole was a ring-like groove formed by scouring process and a mound of the 
eroded sediment was observed close to the pier pack. The accumulated sediment mound 
found to be moving to the downstream with time, and the scoured region surrounded the 
pier after 24780s. The point of maximum depth in the scour hole was initially observed at 
plane with θ = 45o and migrated to the plane with θ = 0° during the first 198800s with 
small difference with θ = 45o.  
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Figure 4.4.8. Developing scour hole topography at a square pier after 720, 2040, 5400, 35880, 72480 
and 250500s [d50 = 0.97mm, h/D =1.50 and u/ucr = 0.95]. 
 
Figure 4.4.9 gives the measured scour-slopes in azimuthal half-planes with θ = 0, 45, 90, 
135, and 180º at the square pier in coarse sand. After scouring surrounded the pier, scour 
hole has taken a constant shape during the scour process. Flat ring shaped portion was 
identified close to the pier. At pier front, the width of the ring increased with time 
reaching about 32% of the radius of the scour hole at the end if the experiment. Over this 
ring a nearly uniform slope was observed. Average scour-slope diminished with θ, 
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test, the longitudinal extent of the scour hole in coarse sand was 40% smaller than in 
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Figure 4.4.9. Measured scour-slopes in different azimuthal half-planes over time at a square pier  
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Figure 4.4.10 shows the volume of the scour hole versus the maximum scour depth at θ 
=0º and scour time, in dimensionless form. After 10% of the running time when the pier 
was surrounded by the scour, scoured volume correlated well with maximum scour depth 
in front of the pier following a parabola with determination factor of 0.985. The obtained 
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Figure 4.4.10. Volume of developing scour hole over time (upper) and maximum scour depth 








  ANALYSIS OF THE RESULTS 
 
In this chapter, all the obtained results are analysed in comparison. First, evaluation of the 
scour hole shape in case of circular, square, and rectangular with L/B = 2 and 4 piers as 
well as in case of square pier with different attack angles and in different sediment are 
presented. Second, the effect of pier shape, alignment and sediment size on the maximum 
scour depth on time is analysed. Third, the measured and computed time-dependent 
maximum scour depth around circular and square cylinders is discussed. Fourth, the 
development of scour profiles in the longitudinal and lateral directions with time as a 
function of pier shape and sediment size is analysed. Next, the effect of pier shape, 
alignment and sediment size is taken into account for the prediction of equilibrium scour 
depth. Finally, the time-dependent scour volume is presented. When possible, results 
obtained in the current study have also been compared with previous work of other 
researchers. 
5.1 DEVELOPMENT OF SCOUR HOLE SHAPE 
Figure 5.1.1 shows the measured situation rather than an inverted scheme of the scour 
hole shape, for circular and square piers in gravel after dimensionless scour time t/T = 
0.001, 0.003, 0.01, 0.10 and 1.00. The scour hole is symmetric respect to the plane with θ 
= 0º during the experiments. Scouring was observed immediately after the test started at 
the sides of the circular pier between the planes with θ =45 - 90º and around the front 
corners of the square pier with θ = ± 45º. Eventually, scour propagated rather rapidly 
around the pier perimeter from both sides toward the centreline of the pier front with θ = 
0º. In this stage, the shape of the upstream half of the scour hole was initially like two 
holes on the pier sides that come together fast and form a ring-like groove, and a mound 
of the eroded sediment from the scour hole was observed in the wake region. The mound 
of deposited sediment which was initially noticed very close to the pier pack, found to be 
moving downstream while running the test. Scoured region surrounded the circular pier 
[after t/T = 0.0025] faster than the square pier [after t/T = 0.01], when the relative 
maximum scour depth Z/D reached 0.60 and 1.15 at the circular and square piers, 
respectively. In due course, the deepest point in the scour hole which was initially 
observed at the plane with θ = ± 45º, migrated to the centreline of the pier front with θ = 
0º during the first 3600s [t/T = 0.01] and 3000s [t/T = 0.008] when Z/D = 0.80 and 1.20 at 
the circular and square piers, respectively. After scour surrounded the pier and deepest 
point moved to the pier front, the scour hole enlarged with nearly the same shape to the 
end of experiments.  
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Developing scour holes at the equivalent square pier were about 25 - 40% larger than 
those at the circular pier, probably because of the increased downflow at the upstream 
face of the square pier due to the perpendicular attack of the incoming flow and the 
existence of spiral edge vortex due to the flow separations at the corners of the square. 
  
 




Figure 5.1.1. Scour hole development at circular (left) and square (right) piers in gravel 
after dimensionless experimentation time t/T = 0.001, 0.003, 0.01, 0.10 and 1.00. 
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In figure 5.1.2, development of scour hole topography at rectangular piers with L/B = 2 
and 4 after dimensionless time t/T = 0.001, 0.01, 0.05, 0.10 and 1.00 is represented. 
Similar to the case of square pier, scouring started around the pier front corners at 
azimuthal half planes with θ = ± 45º, where the deepest point of the scour hole was also 
observed during the first 2280-1620s [t/T = 0.006-0.0045] for rectangles with L/B = 2 
and 4, respectively. The deepest point was moved to the centreline of the pier front when 
Z/D reached about 1.00 and 0.80 at rectangles with L/B = 2 and 4 respectively. In this 
stage, the shape of the scour hole was also a ring-like groove formed by the scouring 
process around the upstream face of the pier and two small mounds of the eroded 
sediment on the pier sides. With the time, more sediment accumulated on the sides of the 
pier, reaching the azimuthal half plane with θ = 135º after only 2760s [t/T = 0.008] at 
rectangular pier with L/B = 2, while a time of 10800s [t/T = 0.03] was needed in the case 
of rectangular with L/B = 4. Scour surrounded the piers when Z/D = 1.40 after 14100 and 
16500s for piers with L/B = 2 and 4, respectively.  
Note that the interference between the spiral edge vortex and the wake vortex at the 
square pier decreases with increasing pier length-width ratio, resulting in smaller scour 
rates and depths at the rectangular piers. 
 
   




Figure 5.1.2. Scour hole development at rectangular piers with L/B = 2 and 4 in gravel 
after dimensionless experimentation time t/T = 0.001, 0.01, 0.05, 0.10 and 1.00. 
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Figure 5.1.3 shows the measured scour pattern at a square pier as a function of angle of 
flow attack α = 0, 15, 30, and 45º, after dimensionless experimentation time t/T = 0.001, 
0.01, 0.10 and 1, respectively. Scour pattern varies significantly with the angle of attack. 
The plots show that asymmetry of scour hole was zero when the pier is aligned with the 
flow, and increased with the angle of attack. Scour started and progressed immediately 
after the test started around the corners of the upstream side of the pier, faster at the 
corner away from the flow direction (i.e. with θ = 315º). Then scour propagated rather 
from both corners toward the main flow direction. The deepest point in the scour hole 
which was initially located at the far corner of the upstream side of the pier at the plane 
with θ = 315º, migrated to the main flow direction when Z/D = 1.20 – 1.70 after 
dimensionless time t/T = 0.01 to 0.30, increasing with the angle of attack.  On the 
contrary, scour progressed to the downstream slower around the pier aligned with the 
flow, surrounded the piers after 3240s, 2760s, 960s and 480s for attack angles α = 0, 15, 
30, and 45º, respectively.   
To the end of the tests, the bottom of the final scour hole can be described as flat regions 
upstream and downstream the pier, connecting together with gradients. The overall 
extension of the scour hole was nearly constant in all cases with different angles of 
attack. The maximum depth in the scour hole decreased from 2.29D to 2.01D with 
increasing the angle of attack from 0 to 45º. That may be because the strength of the 
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Figure 5.1.3. Scour pattern at a square pier with angle of attack α = 0, 15, 30, and 45º 
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The results of sediment size study show that the development of scour holes in sand size 
range is slower than in gravel. Figurer 5.1.4 presents the development of scour holes at a 
square pier founded in fine gravel, coarse and fine/medium sands under clear-water scour 
conditions. Scouring started and progressed also fast around the pier front corners with θ 
= ± 45º. Slower than in gravel, scour propagated rather towards the centreline of the pier 
front, reaching the plane with θ = 0º after 360 and 780s in coarse and fine/medium sands, 
respectively. During this phase, ripple formations were noticed downstream the pier in 
fine/medium sand, while mound of the eroded sediment from the scour hole was 
deposited close to the pack of the pier founded in coarse sand. Scour progressed slower 
toward the downstream face of the pier, reaching the pier wake with θ =180º when Z/D = 
0.75 - 0.80, after 24780s (about 7 hours) in coarse sand and when Z/D = after 165000s 
(ca. 2 days) in fine/medium sand. During most of the experimentation time, the deepest 
point in the scour hole was observed at the corners of the upstream face of the pier at θ = 
± 45º, and migrated to the centreline of the pier front at the plane with θ = 0º after 
198800s (when Z/D = 1.10 in coarse sand) and 114840s (when Z/D = 0.75 in 
fine/medium sand) with a negligible difference of 2% with the depth at θ = ± 45º.    
Time variation of the scour hole topography around piers is highly dependent on the pier 
shape and alignment as well as on the sediment size. Scouring in gravel progressed faster 
to the wake of the circular and square piers than at the rectangular piers. On the contrary, 
the deepest point in the scour hole migrated faster to the front of the rectangular piers. 
The extension of the scour holes at rectangular piers was larger than those at the square 
and circular piers.  
The time required for migrating the deepest point in the scour hole from the far corner of 
the pier upstream side to the main flow direction increased significantly with the variation 
of the attack angle from 0 to 45º. Scoured region surrounded the pier faster with the 
attack angle. 
Scouring in sand size range progressed to the front and wake of the square pier slower 
than in gravel, surrounding the pier after t/T = 0.01, 0.07 and 0.50 when Z/D = 1.15, 0.75 
and 0.80 in fine gravel, coarse and fine/medium sands respectively. The overall extent 
and width of scour holes in the here used sand sizes were approximately 30 - 65% of 
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Figure 5.1.4. Scour hole development at a square pier in fine gravel (left), coarse sand 
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5.2 TIME-DEPENDENT MAXIMUM SCOUR DEPTH: LABORATORY DATA 
The time-dependent maximum scour depth in uniform sand and gravel is presented, 
showing the effect of pier shape, angle of attack and sediment size. All experiments were 
conducted near the threshold velocity (h/D = 1.50 and u/ucr = 0.95). Almost all 
experiments were conducted during 4 days or longer, in order to ensure a condition at 
least very close to the equilibrium. The experimentation time (100hours) is taken as the 
reference time, T.     
 
Effect of pier shape 
Figure 5.2.1 shows time-dependent maximum scour depth, D/Zt  over scour time T/t  
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Figure 5.2.1. Effect of pier shape on time-dependent maximum scour depth. 
[d50 =3.25mm, h/D = 1.50 & u/ucr = 0.95] 
 
Scour depth developed with different decreasing scour rates at different pier shapes 
during the first 25% of the running time, and then progressed around all shapes with the 
same rating. The achieved average scour rate was 0.47mm/hr. Results indicated that 50% 
of the final scour depths are attained in a time varying from 0.01 - 0.02 of the 
experimentation time (100 hours). And 70% of Zeq is attained within a time variation of 
0.03 to 0.08 of the experimentation time, while time of 0.60 - 0.70 of the experimentation 
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time was needed to develop 95% of the final scour depth. In the case of square pier 
aligned 45º with the flow direction, about 85% of Zeq is attained only during the first 15% 
of the experimentation time. This explains the significant effect of the time on measuring 
and predicting the scour depth. Wrong conclusion may be reached if the tests were 
stopped short of an equilibrium state.  
The highest and the lowest values of the time-dependent maximum scour depth were 
always observed around the square (aligned with the flow) and circular piers, 
respectively.  The ratio between time-dependent maximum scour depths at square 
(aligned with the flow) and circular piers diminishes from 1.60 at the beginning of the 
tests to the average of about 1.34 for all measurements that were taken after 10% of the 
experimentation time. Changing the alignment of the square pier from 0 to 45º with 
respect to the flow direction decreases the values of the time-dependent maximum scour 
depths for about 14%. For rectangular piers, there is no significant effect of the pier 
length-width ratio L/B on the values of the scour depth. To the end of experiments, the 
obtained D/Zt  were 1.72 (circular), 2.01 (Square aligned 45º), 2.10 (rectangular) and 
2.30 (square aligned with the flow). 
The time-dependent maximum scour depth was first observed at the square and 
rectangular pier front corners and at the circular pier sides during the first 0.005T - 0.01T. 
Later, it located at the centreline of the pier’s front. An exception case was the square pier 
aligned at 45º where the shifting of maximum scour depth to the pier front was needed a 
long time of about 0.30T.   
The observed scour depths at square and rectangular piers are greater than at the circular 
one, possibly due to the existence of the spiral edge vortex at the front corner of square 
and rectangular piers which increases the ejection of sediment from the bed. The 
interference between this spiral edge vortex and the wake vortex may be the main cause 
of the deepest scour which observed around the square pier. In the case of rectangular 
piers, this interference diminishes with the increase of the pier length and also the 
vorticity of the wake vortex decreases.     
 
Effect of pier alignment 
Figure 5.2.2 shows the measured time-dependent maximum scour depth D/Zt  over 
scour time T/t  for square pier aligned with different angles of attack together with that 
for circular pier. For different attack angles, scour depth at the square pier initially 
progressed with different rates during the first 30% of the experimentation time. Then 
scour depth developed with the same velocity for all the 4 different angles of attack. The 
achieved average scour rate was 0.44 mm/hr.  
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Figure 5.2.2. Effect of angle of attack on time-dependent maximum scour depth. 
[square pier, d50 =3.25mm, h/D = 1.50 & u/ucr = 0.95] 
 
During the first 0.01T (for α = 0 and 15º) or 0.30T (for α = 30 and 45º), the point of 
maximum scour depth in the scour hole which was initially located at the pier’s front 
corner with θ = 315º, migrated to the main flow direction. During the first 10% and 15% 
of the time of tests, the measured scour depths at square pier with α = 30 and 45º were 
higher than that observed at the square pier with α = 0º, respectively. About 50 - 70% of 
the final scour depth was attained during the first 0.003 - 0.01 and 0.03 - 0.07 of the 
experimentation time respectively, while a time variation of 0.55 - 0.70 of the 
experimentation time was required to develop 95% of the final scour depth. That 
confirms the major effect of time on the prediction of scour depths.  
The magnitude of time-dependent maximum scour depth decreases with the angle of 
attack. Excluding the first 30% of experimentation, the position of developing maximum 
scour depth was always observed on the main flow direction. The observed scour depth at 
the circular pier was significantly smaller than that at the square pier with all attack 
angles. To the end of experiments, the values of D/Zt  were about 1.72 (circular), 2.01 
(square aligned 45º), 2.08 (square aligned 30º), 2.13 (square aligned 15º) and 2.30 (square 
aligned with the flow). 
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Effect of sediment size  
Time-dependent maximum scour depth at circular and square piers founded in three 
different uniform cohesionless sediment materials; namely fine gravel, coarse and 
fine/medium sands was studied. In addition to the data of present study, the local scour 
data for circular pier in coarse and fine/medium sands obtained by Link (2006b) and Link 
et al. (2008b) was employed. Since some of the tests were conducted shorter than the 
others, a regression analysis was performed in order to independently compare the data. 
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Figure 5.2.3. Effect of sediment size on time-dependent maximum scour depth. 
[circular and square piers, h/D = 1.50 & u/ucr = 0.95] 
 
Scouring developed at a decreasing rate; so that the obtained scour depth during the first 
0.01-0.03 of experimentation was approximately as much as in the following days until 
the end of the experiments.  Scour depth increases with increasing the median grain size, 
i.e. with decreasing the sediment coarseness D/d50. The observed scour depth in coarse 
sand was 15 - 23% larger than in fine/medium sand for circular and square piers, 
respectively. Changing the bed material from sand to gravel increases significantly the 
scour depth, the observed scour depth in gravel (d50=3.25mm) was about 1.80-2.00 times 
that in coarse sand (d50=0.97mm) in the cases of circular and square piers, respectively.    
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The point of maximum scour depth in the scour hole around the square pier was moved 
from the pier’s front corners to the pier centreline after 0.01T in gravel size and 0.30T - 
0.55T in sand size range. Note that the effect of sediment size is noticeable nevertheless 
the sediment coarseness ratio D/d50 is more than 50. 
 
Empirical equation of time-dependent scour depth  
All the laboratory data of the present study as well as the data from Link (2006b) and 
Link et al. (2008b) are plotted in figure 5.2.4, as non-dimensional scour depth over non-
dimensional scour time. The final maximum scour depths and the experimentation time 
(100hours) were used as the equilibrium scour depth Zeq and the reference time, T. All 
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 [5.1] 
As shown, all the laboratory data are within ± 15% and ± 5% of equation [5.1] before and 
after t/T = 0.25, respectively. The obtained determination coefficient is 0.93. 
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Figure 5.2.4. Non-dimensional scour depth versus non-dimensional scour time 
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5.3 TIME-DEPENDENT MAXIMUM SCOUR DEPTH: FORMULAS 
COMPARISON  
The present section is devoted on the comparing of the laboratory data and equation [5.1] 
with some of the scour formulas listed in table 2.3. The laboratory data from the tests 
with circular and square pier in gravel are used for the comparison.  
Figure 5.3.1 compares Franzetti (1982) [eqn. 2.6], Hoffmans and Verheij (1997) [eqn. 
2.8] and the new suggested equation [5.1] with the laboratory data of the present study, as 
non-dimensional time-dependent maximum scour depth, DZt /  on non-dimensional 






















Franzetti et al. (1982)
Hoffmans and Verheij (1997)
Equation 5.1
Figure 5.3.1. Comparison of time-dependent maximum scour depth:                    
Franzetti et al. (1982) and Hoffmans and Verheij (1997)  
 
A good agreement was found between the measured and the computed time-dependent 
maximum scour depths using the equation [5.1] for both circular and square piers. 
Franzetti (1982) underpredict with small values the measured scour depths around both 
the circular and square piers during the beginning of scour until t/T ≈ 0.40, and tends to 
underpredict the final scour depth with a difference of 6%. Hoffmans and Verheij (1997) 
has the same trend as Franzetti (1982) in the case of circular pier, while it slightly 
overpredict the measured scour depths at the square pier during the first half of the 
experimentation time and tends to underpredict the final scour depth. 
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Figure 5.3.2 compares the laboratory data of the present study and Equation [5.1] with 
Melville and Chiew (1999) [eqn. 2.9] and Barkdoll (2000) [eqn. 2.10]. For a good 
comparison with Melville and Chiew (1999) the duration of the experiments should be 
long than 6 days, as computed from Melville and Chiew [eqn 2.9] depending on our 
laboratory conditions. Therefore, since the present experiments were run only for 
duration of 4 days, the equilibrium scour depths were obtained after 6 days by employing 
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Figure 5.3.2. Comparison of time-dependent maximum scour depth: Melville and   
Chiew (1999) and Barkdoll (2000), T = 6.10 days as obtained from equation [1.9]   
 
As shown in the figure, Melville and Chiew (1999) overpredict the present measurements 
during the development of the scour. Although, Barkdoll (2000) underpredict the 
measured values, is described the present measurements better than Melville and Chiew. 
The cause for the near-trend may be connected with the fact that Barkdoll’s equation was 
developed from a laboratory data for circular and noncircular piers whereas Melville and 
Chiew’s equation was developed from only the data set of circular pier. 
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In figure 5.3.3, Zanke (1982a) [eqn. 2.7] and Oliveto and Hager (2002) [eqn. 2.8] are 
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Equation 5.1
Figure 5.3.3. Comparison of time-dependent maximum scour depth:                   
Zanke (1982a) and Oliveto and Hager (2002).   
 
A new pier shape factor of 1.34 was suggested and used depending on the present 
laboratory results. Oliveto and Hager’s (2002) equation overpredict the measured values 
during the beginning of scour and tend to underpredict the final scour depth.  
A good agreement was found between the present data and the modified equation of 
Zanke (1982a). It has the same trend of the measurements with an accepted 
overprediction less than 5%. As recommended by Zanke (1982a), a modification of his 
equation was done by calibrating the increase velocity parameter ω depending on the data 
of circular and square piers in gravel beds. Equation [5.2] are obtained and used in the 
calculations.   
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5.4 TIME DEVELOPMENT OF SCOUR HOLE PROFILES 
In the current section, the developing scour profiles in the longitudinal and lateral 
directions are presented. The radius of the scour hole was measured from the reference 
point, which was sited on the centreline of the circular and square piers at the original bed 
level.  
 
Effect of pier shape 
Figure 5.4.1 presents longitudinal profiles of developing scour holes along the centreline 
of the flume for circular, square and rectangular piers in gravel bed. At all piers the shape 
of scour profiles remained nearly constant during the scour process. Close to all piers, a 
ring shaped portion is observed. At the upstream, the width of the ring at the circular pier 
was about 65-85% of that at the square and rectangular piers. While at the downstream its 
width at the circular and square piers was about 35-50% of that at the rectangular piers. 
Over this ring, a nearly uniform slope is identified. At the upstream of the piers, a steeper 
slope was observed in the lower part of the profiles, being steeper at the square pier than 
the other shapes. While a second concave slope was observed in the upper part of the 
profile at the pier downstream. Average slopes of scour profiles at the square and 
rectangular piers are steeper than at the circular pier, changing from averagely 38º at the 
circular pier to 36º at the other piers at the upstream, and from 19º at the circular and 16º 
at the square to 13º at the rectangular pier (L/B = 4) at the downstream.  
As shown from the profiles plotted inside the piers, the gradient of the scour hole bottom 
at the square pier is higher than at the circular piers. For rectangular piers, the bottom 
gradient decreased with increasing the pier length to width ratio L/B.  
To the end of the experiments, the overall extension of the scour holes at the square and 
rectangular piers was averagely 1.50 times that at the circular pier. The extent of the 
scour hole downstream the pier’s pack decreased with L/B ratio, changing from 5.75 
times the pier width  to 3.75 and 3.5 by increasing L/B from 1 to 2 and 4, respectively. A 
mound of the eroded sediment from the scour hole was observed downstream the scour 
holes.     
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Figure 5.4.2 shows the lateral profiles of the scour hole for given times, through the 
centreline of the pier circular and square piers, and through transverse section located 
10cm downstream the front face of the rectangular piers. As shown in the figure, the 
scour profiles are symmetrical about the pier. Similar to the longitudinal profiles, the 
shape of the transverse profile remained constant during scour development. A ring 
shaped portion close to the pier face is identified. The width of the ring at the circular pier 
was about 70% and 50% of that observed at the square and rectangular piers, 
respectively. Over the ring, a nearly uniform slope is observed. A milder slope was 
observed in the middle third of the profiles at the rectangular piers. Average side-slopes 
at the square pier were the steeper. The averaged scour-side-slopes at the circular, square, 
and rectangular (L/B = 2 and 4) piers were 32, 35, 32 and 30º, respectively. It is shown 
also that the maximum scour depth observed on the sides of the square pier was always 
the biggest during scouring development.  
To the end of the experiments, the scour hole at the square pier was about 15 % wider and 
22.5% deeper than at the circular pier. At the rectangular piers with L/B = 2 and 4, the 
scour holes were averagely 9% and 22% wider than at the square pier, respectively.       
Scour profiles break suggest the action of vortex system with different strengths, vortex 
strength being lower to the upper part of the scour hole. As shown in the longitudinal 
profile, clockwise rotation of vortex contributes to side stabilization, explaining the 
existence of the lower side slope with a higher inclination than the natural repose angle. 
The wider ring portion at the square and rectangular piers shows that the vortex sizes are 
bigger than at the circular pier.  
The existence of spiral edge vortex at the corners of square pier may be the reason of the 
deeper scour hole and the steeper slopes than at the circular pier. At the rectangular piers, 
the interference between the spiral edge vortex and the wake vortex diminishes with L/B, 
explaining the shallowness of the scour holes and the milder slopes at the rectangular 
piers. 
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Effect of sediment size  
In figure 5.4.3, developing longitudinal profiles of scour along the centerline of a square 
pier as a function of sediment size are presented. The observed shape of scour profiles in 
sand and gravel beds were generally similar, being nearly constant shape during scour 
development. Close to the pier, a ring shape portion was observed. The width of the ring 
in fine/medium and coarse sands was about 70-80% of that observed in fine gravel. Over 
the ring, a nearly uniform slope was identified. In fine gravel, a steeper slope was 
observed lower the profiles in the upstream, and a second concave slope was observed in 
the upper part of the profile in the downstream. Average slopes of scour profiles at the 
square pier in gravel are steeper than in coarse and fine/medium sands, changing from 
averagely 36º to 31-30º in at the upstream, and from 16 to 12º at the downstream 
respectively. Ripple formations were observed downstream the scour hole in fine/medium 
sand, while mound of the eroded sediment from the scour hole was deposited at the 
downstream in coarse sand bed.  
To the end of the experiments, the longitudinal extension of the scour hole in gravel bed 
which was about 10 times of the pier width was approximately 1.75 and 3.25 times that 
observed in coarse and fine/medium sands, respectively.  
Transverse profiles of developing scour holes through the centerline of the square pier, 
for fine/medium sand, coarse sand and fine gravel are plotted. All profiles shape 
contained a ring shape portion close to the pier followed by a nearly uniform slope. The 
most pronounced differences between the profiles in sand and gravel bed were the size of 
the scour holes. The depth and lateral width of the developing scour hole in gravel bed 
were larger than in sand beds. To the end of the experiments, the width of the scour hole 
in gravel (about 7.20B) was nearly 1.55 – 1.70 times those observed in coarse (about 
4.62B) and fine/medium (about 4.20B) sands, respectively. The maximum scour depths 
in fine/medium and coarse sands were 70-78% of that observed in gravel. Average side-
slopes of the scour hole was steeper than in sands, changing from 35º in gravel to 31-24º 
in coarse and fine/medium sands, respectively.        
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Figure 5.4.3. Scour longitudinal profiles in given times, for square pier in fine/medium 
sand (upper), coarse sand (middle) and fine gravel (bottom) beds 
[h/D = 1.50 and u/ucr = 0.95]. 








































































t [s] = 1980
t [s] = 3720
t [s] = 5640
t [s] = 9480
t [s] = 17820
t [s] = 36120
t [s] = 72060
t [s] = 144540
t [s] = 174760
intial bed level
Square pier in fine/medium sand







































































t [s] = 2040
t [s] = 3600
t [s] = 5400
t [s] = 9300
t [s] = 17840
t [s] = 35880
t [s] = 72840
t [s] = 144000
t [s] = 250500
intial bed level
Square pier in coarse sand








































































Square pier in fine gravel
d50 = 3.25 mm
 
Figure 5.4.4. Scour transverse profiles for given times, for square pier in fine/medium 
sand (upper), coarse sand (middle) and fine gravel (bottom) beds  
[h/D = 1.50 and u/ucr = 0.95]. 
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Empirical relation of scour radius  
Figure 5.4.5 relates between non-dimensional developing scour depth and radius at 
azimuthal half-plane with θ = 0º, for different pier shapes and attack angles in gravel 
(right) and for different sediment materials (left). In the figure, Rmax and Zmax are the 
maximum developing scour radius and depth. All data which obtained after t/T = 0.01 
and 0.02 in gravels and sands were employed, excluding the ring shaped portion. As 
shown, scour radius at the pier front correlated linearly with corresponding scour depth. 
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Where:  constants A and B are -1.288 and 1.312 for circular and square piers with 
different angles of attack in gravel bed, and -1.318 and 1.381 for square pier in sand and 
gravel beds, respectively. Determination coefficients R
2
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square pier in fine gravel,
d50 = 3.25 mm
square pier in coarse sand,
d50 = 0.97 mm
square pier in fine/ medium
sand, d50 = 0.25 mm
Equation 5.3 
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5.5 PREDICTION OF EQUILIBRIUM SCOUR DEPTH 
New data in the present study are presented and used to show the effect of pier shape and 
alignment on the equilibrium scour depth. Results are obtained from laboratory 
experiments which are performed under clear water conditions near the critical velocity, 
with constant approach flow depth-pier width ratio of 1.50, and constant flow intensity of 
0.95.   
Effect of experimentation time 
The pre-estimated time length of experimentation (e.g. 1, 10, 20 hours, etc) has 
significant implications on measuring and predicting equilibrium scour depth. Wrong 
conclusions may reach if an experiment is stopped short of an equilibrium state. Thus, 
varies definitions of the time to equilibrium have been given in the literature. Table 5.1 
shows the effect of definition of equilibrium time on the values of equilibrium scour 
depths, depending on present laboratory data for circular and square piers in gravel bed. 
As shown in the table, different experimentation time leads to different equilibrium scour 
depth vary considerably, depending on what time to equilibrium definition is used. It is 
also shown that all of the known and listed definitions for equilibrium time are indicating 
that the equilibrium state is achieved in the current study.     
 
Table 5.1. Effect of definition of time to equilibrium on the prediction of equilibrium 
scour depth. 







The time at which the change of scour 
hole is no more than 1 mm in a 










The time at which the rate of change 
of scour depth doesn’t exceed 5% of 





The time at which the scour rate less 
than d50 per hour 
26.80 37.70 
Present study  Running time was 100 hrs 34.30 45.80 
  
Figure 5.5.1 relates between relative maximum scour depth Zmax,t/Zmax, 100hrs and time for 
circular and square piers in gravel, where Zmax,t and Zmax, 100hrs are the maximum scour 
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depths that obtained after experimentation time t and 100 hours, respectively. As shown, 
the obtained maximum scour depth after 1 and 10 hours were only about 50 and 75% of 
Zmax, 100hrs. While the change of scour depth which measured after 75 and 100 hours was 
only 3%. Depending on this discussions, the pre-determined time of experimentation 
(e.g.100 hours) was considered in the current study as the reference time. The obtained 
maximum scour depth at the end of experiments was also taken as the equilibrium scour 
depth. Nevertheless, the laboratory data showed that a truly equilibrium state is not 






































































Figure 5.5.1. Effect of experimentation time on prediction of equilibrium scour depth 
 
Effects of pier shape  
The effect of pier shape on equilibrium scour depth have been studied by few researchers, 
such as Tison (1940), Laursen and Toch (1956) and Breusers et al. (1977), coming up 
with correction shape factors with different values. The usage of these different values 
results in different pre-predicted scour depth at the same pier shape. Moreover, the same 
value of shape factor is used to predict scour depth at square and rectangular piers. The 
data of present study show the effect of pier shape, and differentiate between the square 
and rectangular piers.   
 
Figure 5.5.2 shows the measured equilibrium scour depth relative to pier width DZeq  on 
corresponding measured shape factor shk  (left), and versus pier length-width ratio BL /  
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(right) , for circular, square and rectangular pier in uniform gravel bed. All piers have the 
same width D = B = 20cm. The maximum and minimum equilibrium scour depths which 
are observed at the square and circular piers were about DZeq = 2.29 and 1.72, 
respectively. For rectangular piers, measured scour depths were between those observed 
at square and circular piers, and equal to 2.10 and 2.08 for L/B = 2 and 4 respectively. 
The figure gives also new factors to account for square and rectangular piers.   
The present data and those from Ettema et al. (1998) are used to show the effect of pier 
length on the scour depth. Although the used sediment in both studies are different 
(uniform gravel with d50 = 3.25mm in the current study and uniform sand with d50 = 
0.90mm in Ettema et al. 1998), close agreement between the results is evident. The 
maximum equilibrium scour depth is attained at the square pier. Although an increased of 
BL  from 1 (square pier) to 2 results in a decrease of about 9% in the scour depth, 
changing the pier length-width ratio BL  between 2 and 8 has no significant affect on the 
equilibrium scour depth. For rectangular pier with L/B = 4, a negligible difference of 1% 
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            Figure 5.5.2. Equilibrium scour depth versus corresponding shape factor (left) 
and pier length-width ratio (right), for different pier shapes in gravel bed  
Effect of pier alignment 
Both the location and the magnitude of equilibrium scour depth are affected by the angle 
of flow attack.  Figure 5.5.3 shows azimuthal half-plane where equilibrium scour depth 
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was observed on angle of attack. Remarkably, the equilibrium scour depth in the scour 
hole at the reference time was always located at azimuthal half-plane with θ = α, i.e. on 
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Figure 5.5.3. Effect of pier alignment on the location of equilibrium scour depth.  
 
In figure 5.5.4, the measured and computed [with eqn. 2.4] correction factors versus the 
angle of attack are presented. In all cases, pier length-width ratio was L/B = 1. Even when 
pier length in skewed piers increases the effective width (perpendicular to the main flow 
direction) which is expected to cause a direct increase in scour depth (according to 
Laursen and Toch ’s  data for L/B =2 - 16), in case of square piers the angle of attack 
cause a resulting smaller equilibrium scour depth. Noting that for angles of attack α = 15, 
30 and 45º, pier width increased 22.4, 36.6 and 41.4%, but measured scour depth 
decreases about 7, 9 and 12% with respect to the aligned case with α = 0º, respectively. 
Thus, It is expected that a rectangular pier with a certain combination of 12 >> BL  
and 0≠α  will present an identical maximum scour depth as a square pier with 1=BL  
and 0=α .  Equation 2.4 is developed and valid also for rectangular piers with L/B = 2 - 
16, that explains the wide differences between the measure and computed values.  
The suggested angle of attack factors is agreed with the trend of Lausen and Toch’s 
curves, in both BLZZ oeq
o
eq <== )0()90( αα , as also noted by Ettema et al. (1998). 
Thus, the current results are useful for extension of Laursen’s and Toch’s curve fot angle 
of attack.  

















0 15 30 45 60 75 90


























Figure 5.5.4 Measured and computed correction factor on angle of attack 
[square pier, L/B = 1, d50 = 3.25mm, h / D =1.5, u/ucr = 0.95] 
 
Effect of sediment size  
Figure 5.5.5 shows equilibrium scour depth-pier width ratio DZeq as a function of 
sediment coarseness ratio 50dD , for circular and square  piers founded in three uniform 
cohesionless sediment sizes with d50 = 0.25, 0.97 and 3.25mm. The data from present 
study and from Raikar and Dey (2005b) are employed. As shown, equilibrium scour 
depth firstly increases with increase in sediment coarseness ratio until 50dD ~ 30, then 
decreases significantly again with increase 50dD . For very large values of 50dD , 
equilibrium scour depth seems to be independent of 50dD . 
The current results are useful to improve current relations for sediment size effect, whose 
consider no effect of sediment size on scour depth when 50dD > 25 or 50 (Raikar and 
Dey 2005a, Ettema 1980, Chiew 1984). This limit of sediment coarseness ratio was 
suggested depending on experimental results that were conducted for short time, 
comparing with the present study. For example, Chiew (1984) conducted experiment for 
4-20 hours, that being not enough to reach the equilibrium and to discover the difference 
between scour depths for different sediment sizes. A second reason may the tested values 
of  50dD , that were limited to small values. In Raikar and Dey (2005a) and (2005b), all 
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used values of 50dD  was less than 30. In Chiew (1984), testing some large values of 
50dD  show a decrease in the scour depth when 50dD  increased from 50 to 187.5 
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Figure 5.5.5 Effect of relative sediment size on equilibrium scour depth  
[circular and square piers,  u/ucr = 0.95,  h/D = 1.50 - 2.00] 
 
 
A regression analysis was applied to the own data and those of Raikar and Dey (2005b), 
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Figure 5.5.6 shows the correlation data of measured data and equation 5.6. As shown in 
the figure,   DZeq  correlated well to 50dD  following a logarithmic and a potential 
relationships with determinations coefficients equal to R
2
 = 0.986 and 0.954 respectively. 
Correction shape factor of the square pier of ksh =1.33 was used.  
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Figure 5.5.6 Correlation of laboratory data and equation 5.6 
 
Evaluation of Equilibrium scour formulas  
In an effort to analyse the data of present study further, several of the common prediction 
equations [table 2.5] were used to calculate the equilibrium scour depth to evaluate their 
usefulness. This evaluation focused on the ability of the equations to predict the 
equilibrium scour depth based on the experiments conditions used in the current study. 
All laboratory data for different pier shapes and alignment and for three different 
sediment sizes are used in the evaluation.  
Figure 5.5.7 compares between computed equilibrium scour depth from the prediction 
equations and those observed in this study. In the figure, original k’s refer to correction 
factors suggested by the authors of the equations, while new k’s are those obtained in the 
present study. The plots show considerable poorer predictivity of the equations when the 
original correction shape and alignment factors were used. Some equations (Neil 1964, 
Breusers 1977, Melville 1997) give constant values for all tested cases, and the others 
(Richardson et al. 1975, Zanke 1982, Hoffmans and Verheij 1997) show trends away 
from the line of equality, indicating that they do not properly represent the local scour 
process that occur in the tested cases. The figures show also that the ability of the 
equations to accurately predict the scour depth are extensively improve by using the new 
correction factors which given in this study. A careful consideration on the figures results 
in the following: 
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• Some equations don’t include corrections factor for pier shape and alignment, 
or they include corrections for only a few pier shapes. 
• Almost all equations don’t distinguish between scour at square and rectangular 
piers.  
• There is no equation that takes in consideration the effect of angle of attack on 
scour at the square pier.   
• Equations of Neil’s (1964) and Breusers et al. (1977) show the best agreement 
with the measurements after the effect of angle of attack of attack of square pier 
(new kα,L/B) is considered, and different shape factor for square and rectangular 
piers are employed.      
• In Zanke (1982), a well agreement between the computed and measured values 
is observed, when new values of ω are computed (equation 5.2) and used, 
depending on the measurements as recommended by the author.  
• Using of Melville’s (1997) original equation gives the same scour depths in all 
cases because the same shape factor (1.00) are used for circular, square and 
rectangular piers. Further, neither the effect of angle of attack with square piers 
nor the effect of sediment coarseness ratio when D/d50 >25 are consider.  
• When the new k’s are applied in Melville’s (1997) equation, the computed 
values agreed better the measured with overprediction.  
• Although the agreement of measured and computed from Hoffmans and 
Verheij (1997) scour depths are improved when the new k’s used, they still 
underpredict the measurements.  
• With few underpredictions, the predictivity of CSU’s equation is improved 
when the news k’s used significantly, especially when different shape factors 
used for square and rectangular piers, and also in the cases of square with 
different attack angles.   
It can be concluded that the usage of different shape factors for square and rectangular 
piers results in considerable improvement of the ability of all equations to accurate 
predict the equilibrium scour depth. Adding a new correction factors for angle of attack 
also aim to accurate the predicted scour depths in the case of square pier.    
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Figure 5.5.7. Computed versus observed equilibrium scour depth, 
for selected pier scour prediction equations  
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5.6 PREDICTION OF  SCOUR HOLE VOLUME 
Volume of developing scour hole is proportional to the sediment size as well as the pier 
shape and alignment. Figure 5.6.1 presents developing scour hole volume versus time at 
circular and square piers, as a function of sediment size (left) and angle of attack (right). 
Volume of developing scour hole in gravel is larger than in sand, and at the square pier is 
larger than at the circular pier. The highest scoured volume was observed in gravel when 
the square pier is aligned with the flow, α = 0º, and decreased with angle of attack. The 
maximum scoured volume at square pier with α = 45º was about 70% of that observed at 
square pier with α = 0º at the end of the experiments. The larger the grain size the larger 
the scoured volume. At the square pier, developing scour volume in gravel was about 
7.25-5.75 times that in sand size range.  
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Figure 5.6.1. Developing scour hole volume at circular and square piers, for different 
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Figure 5.6.2 shows non-dimensional volume of developing scour holes in gravel over 
non-dimensional scour time for circular pier and square pier aligned with different angles 
of flow attack. As shown, 40% of the final maximum scour volume was obtained during 
only the first 10% of the experimentation time. Scoured volume found to be correlated 
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Where x and y are constants equal to 0.950 and 0.39 respectively. The determination 
coefficient was R
2
 = 0.923. Vmax is defined as the end maximal scour volume, observed at 














0,0001 0,001 0,01 0,1 1 10



































Figure 5.6.2. Non-dimensional scour volume over non-dimensional scour time at circular 
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Figure 5.6.3 shows non-dimensional volume of developing scour holes in gravel over 
non-dimensional maximum scour depth in azimuthal half-plane with θ =0º for circular 
pier and square pier, and for different angles of flow attack. Since scour started at the 
pier’s sides, scoured volume was recorded before maximum scour depth at plane with θ 
=0º was larger than zero. After scouring reached the pier’s front, the general tendency of 








































V ttt                               [5.8] 
   
Where maxV  and maxZ  are the end maximal scour depth and volume, observed at the end 
of the experiments. The determination coefficient was R
2
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Figure 5.6.3. Non-dimensional volume of developing scour holes on non-dimensional 
maximum scour depth, for circular and square piers in gravel 
[α = 0, 15, 30, 45º, d50= 3.25mm, h/D=1.50 and u/ucr = 0.95]. 
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CHAPTER 6 




Scour is a natural phenomenon, caused by the erosive action of flowing water over 
alluvial beds in streams and rivers. It occurs when the critical condition for initiation of 
sediment transport is exceeded locally, which might happen as a result of natural flow or 
man-induced flow acceleration due to water works. The leading cause of bridge failure all 
around the world is bridge scour. This phenomenon has also the major effect on the total 
construction and maintenance costs. Local scour at piers founded in erodible bed material 
is a complex three-dimensional phenomenon, as a result of the strong flow-sediment-pier 
interaction. Notwithstanding the considerable investigations in local scour by many 
researchers, most studies focused on scour depth at circular pier in alluvial sand beds. An 
understanding of the mechanism of local scour around piers of different shape and 
alignment as well as in gravel bed remains far from being complete. However, 
investigations of the time variations of scour holes geometry not only scour depth, are 
still in the first stage. This knowledge of geometric features of scour hole provides 
important information for the design of the bridge foundation size and for the selection of 
the degree of scour countermeasure.  
In this thesis, an extensive experimental investigation of time development of scour hole 
geometry at piers of different shape and alignment in sediment with different sizes was 
presented. All experiments were performed under the clear water condition with uniform 
cohesionless bed materials. The principle objective of the study is the measurement and 
characterization of spatial (3D) and temporal variation of developing scour holes at piers 
of different shape and alignment, especially in gravel beds. Subsidiary objectives also 
included (1) the investigation of turbulent flow field at a square pier in gravel bed and (2) 
the modification of existent and development of new formulas for the prediction of scour 
features, such as scour depth, scour radius and scour volume. The evaluation of some of 
the prediction equations for developing and equilibrium scour depth and the assessment 
of the occurrence of an equilibrium scour conditions were realized.     
A set of long duration scour experiments (about 4 days) were conducted using three 
uniform cohesionless sediment materials, namely fine gravel, coarse and fine/medium 
sands. Four shapes of pier, namely circular, square and two rectangular and four angles of 
attack (α =0, 15, 30 and 45º) were tested.  
New non-intrusive, high resolution topography measurement system was developed at the 
laboratory with an experimental installation using a laser distance sensor (LDS) and 
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positioning systems. It was used to measure developing scour holes during running 
experiments from inside the pier. Vertical profiles of scour hole in different azimuthal 
half-planes around circular and square piers as well as along rectangular piers are taken 
instantaneously. The analysis and visualization of the measured data were carried out 
using different software, such as Visual Basic, Active Perl, MATLAB, Excel, Surfer and 
Tec Plot.    
In addition to detect scouring data, point measurements of velocities and turbulence in 
different elevation from the bed and in different azimuthal half-planes around the square 
pier were performed with the ADV, allowing the quantitative description of the main 
flow features in both plane and equilibrium scoured gravel beds.   
Spatio-temporal variation of geometric properties of developing scour holes have been 
analyzed by measuring the scour hole shape, maximum scour depth, scour slopes, and 
scoured volume. In the following sections the results of the study are concluded: 
 
6.1.1. Developing Scour Hole Shape  
The results of current study presented the measured situation of the scour hole shape 
rather than an inverted scheme. The results showed that the development of scour holes 
with time varied with pier shape. It is also found that the propagation of scour to the 
downstream end of the pier is highly dependent on whether or not the pier is aligned with 
the flow direction. Scour development in gravel is considerably different from the 
development in sand size ranges. 
Further, the following conclusions are obtained from this study:     
• Developing scour patterns study showed, that scouring started and progressed fast 
immediately upon starting the experiments at the sides of the circular pier and at 
the front corners of the square and rectangular piers. Eventually, scour propagated 
rather rapidly toward the centerline of the pier’s front. In this stage, a mound of 
the eroded sediment from the scour hole was firstly deposited close to the pier 
wake, and found to be moving downstream with time. Then the scoured region 
surrounded the piers. In due time, the deepest point in the scour hole was firstly 
observed at the pier sides with θ = 45º. When Z/D reached 0.75 - 1.20, it migrated 
to the centerline of the pier front with θ = 0º during the first hour in gravel bed, 
and after 1.30 - 2.30 days running time in sand beds. 
• The scour in gravel surrounded the circular, square and rectangular piers when the 
relative maximum scour depth Z/D reached 0.60, 1.15 and 1.40 respectively. The 
duration for surrounding the square pier with the scour hole (about one hour) was 
approximately four times larger that required at the circular pier, increasing 
significantly to 4-4.60 hours at the rectangular piers with L/B = 2 - 4 respectively.   
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• In the angle of attack study, the asymmetry of the scour hole in gravel was zero 
when the square pier aligned with the flow and increased with the angle of attack. 
• The larger the angle of attack the shorter the time required to surround the pier 
with scour, and the longer the time required to moving the deepest point from the 
far corner of the attack face of the pier to the main flow direction. 
• The sediment size tests showed that scouring in gravel bed progresses faster than 
in sand size ranges. However while scour in gravel surrounded the square pier in 
one hour only, about seven hours and two days were required in coarse and 
fine/medium sand beds at the current test series. 
 
6.1.2. Developing Scour Depth 
The measurements of time development scour depths in different azimuthal half-planes 
around piers of different shape and alignment in gravel and sand beds gave the following 
conclusions:  
• The results of long duration scour experiments (about 4 days) showed that, the 
maximum scour depth developed with different rates during the first 10 - 30% of 
experimentation time until Z/D reached 1.50 in gravel and 0.50 in sand, faster at 
the sides than at the front of the piers, faster in gravel than in sand bed, faster at 
nonaligned than at aligned piers and also faster at square and rectangular than at 
circular piers. Then, the scour depth developed with nearly the same rate at 
different piers and in different sediment beds. Thus, wrong conclusions may be 
drawn if an experiment is canceled at a time shorter than the needed stabilization 
time. 
• The measured maximum scour depths in different azimuthal half-planes showed, 
that the maximum depth inside the scour hole was firstly observed at the pier 
sides at the plane with θ = 45º, and then moved to the centerline of the piers front. 
It showed also that the ratio between maximum scour depths at wake and front of 
the pier ranged between 14 - 66%, increased with the sediment size and decreased 
with the pier length-width ratio.  
• Scouring developed at a decreasing rates in all cases, so that the obtained scour 
depths during the first 1-3 hours were approximately as deep as in the following 
about 4 days for different pier shapes. 
• For pier shapes study, the highest and lowest scour depths were always observed 
at the square and circular piers. The observed scour depths at rectangular piers 
with L/B = 2-4 were smaller than at the square pier. No significant effect of 
rectangular pier length-width ratio between L/B =2 - 4 was observed.  
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• The results from the angle of attack study showed, that scour depths at square pier 
with different angles of attack were higher than at circular pier. Scour rates at 
nonaligned square pier were higher than at the aligned one during the first 15% of 
experimental time, resulting in higher scour depth at the nonaligned piers 
temporally. After stabilization of scour, the developing scour depth at aligned 
square pier became the largest, decreasing with the angle of attack. That confirms 
that wrong conclusions will be obtained from experiments with short time length. 
• The patterns of developing scour depths (values and location inside scour hole) in 
gravel were totally different and showed higher scour depths than with the sand 
size range. Excluding the first 4 hours in experimentation, all measured scour 
depths developed in fine/medium and coarse sands were about 45-55% times 
those observed in gravel.   
• The time dependent maximum scour depth in sand beds was firstly observed at 
the pier sides with θ = 45º during the first 1.3-2.3 days of experimentation. Later, 
it observed at the centerline of pier front at θ = 0º. That shows the significant 
effect of the experiment time length and the location of measuring the depth.  
• Depending on all laboratory data from this study and from Link (2006) and Link 
et al. (2008b), a general empirical relation of the relative maximum developing 
scour depth was obtained, as follow: 











t                                                                                [6.1] 
• Furthermore, the laboratory data and obtained relation [6.1] are compared with six 
well-known prediction equations. A good agreement between the measurements 
and the suggested equation [6.1] is detected. The pathways of all other equations 
do not agree with the measurements. A reason for this may be the short time 
length of the based data experimental work. Franzetti (1982) and Hoffmans and 
Verheij (1997) overpredict the data during the beginning of experiments and tend 
to underpredicted the equilibrium scour depth. Melville and Chiew (1999) 
overpredicted the data with very high values. Barkdoll (2000) and Oliveto and 
Hager (2002) underpredict the data.    
• An adjustment of Zanke’s (1982) equation fitted the equation well to the results of 
the present study. The adjustment were done by calibrating the increased effective 
velocity parameter ω depending on the experimental data, as follows: 
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6.1.3. Developing Scour Profiles 
Measured profiles of developing scour hole in different azimuthal-planes at the piers 
showed that the shape of scour hole remained nearly constant during scour development. 
Close to the pier, a ring shaped portion of scour hole was observed. Over the ring, a 
nearly uniform slope was observed at the pier’s front and sides. At the pier wake, a 
second slope located in the upper part of the scour hole was identified in gravel bed.    
The conclusions of developing scour profile study are: 
• During experiments, average scour slopes did not exceed the natural repose angle 
of the sediment particles under water significantly. There was only one exception: 
a steeper slope was observed in the lower part of the profile in front of the pier in 
gravel bed. 
• An average side-slope of developing scour hole diminishes from upstream to 
downstream with θ, reaching at the pier wake approximately half of the 
inclination at the pier front.   
• The results of pier shape study showed that steeper scour slopes and higher 
gradients of the scour hole bottom are observed at the square pier shape. For 
rectangular piers, the bottom gradient decreases with increasing L/B ratio.   
• At the end of pier shape experiments, the longitudinal extent of the scour hole at 
square and rectangular pier was averagely 50% longer than at circular pier. The 
width of scour holes at square pier was 22% wider  than at circular pier, and found 
to be increased with the rectangular pier length by 10 and 20% for L/B = 2 and 4, 
respectively.  
• The longitudinal extent and lateral width of scour holes varies significantly with 
variation of bed material from sand to gravel. At the end of experiments, the 
longitudinal extent of scour hole in gravel was about 1.75 and 3.25 times those in 
coarse and fine/medium sands. The width of scour hole in gravel was about 1.55-
1.70 times those in coarse and fine/medium sands, respectively. 
• Scour slopes break suggest the action of vortex system with different strengths, 
vortex strength being lower to the upper part of the scour hole. Rotation of vortex 
towards the slopes contributes to side stabilization, explaining the existence of the 
lower side slope with a higher inclination than the natural repose angle in front of 
the piers.  
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• Developing scour hole radius at the pier front correlates well with developing 
scour depth following the given linear relation.  














                                                                                             [6.3] 
   
6.1.4. Equilibrium Scour Depth 
The present data showed that the pre-estimated time length of experiments affects 
significantly the obtained equilibrium scour depth. Shape and alignment of a pier affected 
the magnitude and location of the equilibrium scour depth.  
Further, it was found that: 
• Discussion of the definition of time to equilibrium from the literature showed that, 
an equilibrium scour depth determined on some definitions may not be correct as 
shown via the presented data. Furthermore, it was possible to reach a variety of 
equilibrium scour depths depending on which definition of time to equilibrium 
was adopted. Although the definitions showed that the equilibrium scour 
conditions were achieved in the present work, the laboratory results indicated that 
a truly equilibrium state was not readily attainable.   
• Based on the results of this work and from some results in the literature, it was 
found that equilibrium scour depth at a square pier shape differs widely from 
those at a rectangular pier with L/B = 2-8, even though the pier were aligned with 
the main flow direction. For rectangular piers with L / B = 2-8, the effect of L/B 
on the equilibrium scour depth was negligible. 
• The biggest clear water (equilibrium) scour depth is reached at the square pier 
shape in gravel over a long duration experiment (4 days), and is approximately 
equal to 2.30 times the pier width. For rectangular and circular piers in gravel, the 
maximum equilibrium scour depths were 2.10 and 1.72 times the pier width.  
• New correction shape factors for square and rectangular piers were suggested.  
• In this study, the effect of pier alignment on magnitude and location of 
equilibrium scour depth was investigated in detail. The equilibrium scour depth at 
the square pier was observed always on the main flow direction and identified to 
decrease with the angle of flow attack. For all attack angles, scour depth at square 
pier were greater than at circular pier. 
• The design angle of attack factors for square pier were obtained in the present 
study, which were useful to extent Laursen and Toch’s design curve which was 
originally valid for rectangular piers with L/B = 2 -16.  
Chapter 6 – Conclusion and Recommendations 
 148
• The analysis of the data for sediment size effect obtained from this study together 
with data of Raikar and Dey (2005) showed that, the assumption that there is no 
effect of sediment coarseness ratio 50dD  on the scour depth when the ratio 
exceeds 25-50 is not sound. The investigation showed that the relative equilibrium 
scour depth DZeq  which firstly increased with the sediment coarseness ratio 
50dD , decreased again when 50dD exceed 30, and seemed to be unaffected at 
very high values of  50dD  (may for 50dD > 500) . 
• Two continuous best-fit prediction equations for relative equilibrium scour depth 
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• A comparison between several well-known prediction equations showed that 
these equations give away trends and a wide range of values comparing with the 
experiment data when the original shape and angle of attack factors were used. 
That is because all of the equations don’t differentiate between scour at square 
and rectangular piers and do not consider the effect of the angle of attack for a 
square pier. Thus, the overall agreement of all equations with the measurements is 
clearly improved when the new shape and angle of attack factors from the present 
study employed.  
• When the new shape and angle of attack factors are used, Neil’s (1964) and 
Breusers et al.’s (1977) equations showed the best fit to the experimental data. 
Zanke (1982) and Melville (1997) overestimated the measurement with accepted 
values. In comparison, CSU’s and Hoffmans and Verheij’s (1975) underestimated 
the values.    
 
6.1.5. Scour Hole Volume 
The present data allowed the evaluation of volume of developing scour holes at circular 
and square piers, which embedded in three different uniform cohesionless sediment 
materials. Also, the effect of flow angle of attack is considered.  
The results showed the following: 
• The volume of scour hole developed at a decreasing rate with time in all cases, so 
that the obtained scoured volume during the first experimental day (less than 20% 
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of experiments time) was approximately the same as the obtained volume until the 
end of experiments (three more days).   
• During the experiments, the maximum volume of developing scour hole was 
always obtained in the case of square pier aligned with the flow and embedded in 
fine uniform gravel bed.  
• The developing scour hole volume at the square pier with different angles of 
attack was higher than with the circular pier. 
• The larger the angle of attack the smaller the scoured volume during experiments. 
The maximum scoured volume at square pier aligned with α = 45º was about 70% 
of that at square pier with α = 0º at the end of the experiment.   
• The larger the sediment size the larger the scoured volume during the 
experimentation time. The obtained maximum scour volume in gravel was about 
6 - 7 times larger that in sand size range.  
• From these experiments, an empirical relations was developed that relates non-
dimensional volume of developing scour hole in gravel beds with non-
dimensional scour time for circular and square piers and for different angles of 
attack. This relation is as follows: 
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• The volume of developing scour hole in gravel bed correlated well with the 
maximum developing scour depth at the pier’s front with  θ = 0º. Thus, when 
providing maximum scour depth at the pier’s front, the following relation can be 
used to calculate scour hole volume: 
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6.1.6. Turbulent Flow Field 
The results of the turbulent flow field study showed the spatial distribution of time-
averaged velocity components, flow vectors and time-absolute velocity, as well as 
turbulence intensities components and turbulent kinetic energy.  
The conclusions of flow field study are: 
• The results showed that the time-average tangential velocity component u  
increased firstly with increasing θ to a maximum value at θ = 90º, then diminished 
again with an increase of θ. The large the distance to the bed and the smaller the 
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distance to the pier, the higher is the value of time-average tangential velocity 
component. 
• The contours of the time-average radial velocity component v  showed, that it 
decreases with decreasing the radial distance and with increasing θ. It also showed 
the reversal flow due to the flow separations inside the scour hole. The maximum 
reversal flow was observed at θ = 45º, confirming the existence of a strong 
horseshoe vortex in front of the pier inside the scour hole.    
• The time-average vertical velocity component w was downward in the flow zone 
and upward near the bed in front of the pier. The downward flow found to be 
increasing and the upward flow found to be decreasing with decreasing θ and the 
radial distance from the pier.  
• The distribution of the time-average vertical velocity vector 22 wv + showed the 
characteristics of the horseshoe vortex and the strong downflow inside the scour 
hole at the pier front and sides. The strong horseshoe vortex was observed at the 
pier front and found to be decreased with θ. At the pier wake, a swirl motion close 
to the pier pack was observed, and then the flow became gradually outwards the 
pier.   
• The distribution of the turbulence intensities around the pier was found to be 
identical. Their magnitudes decreased with the vertical distance from the bed at 
the pier front and sides. While at the pier wake, the turbulence intensities first 
increased with the vertical distance to an imaginary line in the middle of the scour 
hole, then decreased again vertically forming a core of high turbulence over whole 
of the scour hole. 
• The distribution of the turbulent kinetic energy TKE was similar to that of the 
turbulent intensity components. TKE values increased with increasing θ and 
decreasing vertical and radial distances. The effect of turbulence lead to intensive 




Recommendations regarding possible future work in relation to the present study are as 
follows: 
• The present study represents a preliminary investigation of the variation of scour 
hole geometry with time as a function of the pier shape, angle of attack and 
sediment size. Additional systematic studies of the effects of wide range of scour 
parameters are required to develop a design approach for the scour hole 
dimensions at bridge piers. 
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• This research has identified significant effects of pier shape and alignment on the 
geometric characteristics of a scour hole. Only circular, square and rectangular 
pier shapes and four angles of attack were tested. Further experiments are required 
to assess the effect of more particular pier shapes alignment or skewed to the 
flow, developing new pier shape and alignment adjustment factors.  
• The pronounced difference of the time development of scour hole in gravel and 
sand beds is remarkable via this thesis. Further studies of the effects of different 
gravel sizes and gradations on the local scour process are needed. 
• The turbulent flow field study has given a good idea about the mechanism of local 
scour at a square pier in gravel bed. Additional measurements of the flow 
velocities and turbulence around piers of different shape are required to better 
understand the scour process. These studies are important for the verification of 
the numerical models which are used to simulate the pier scour 
• The current experiments have been explained the scour process and flow field 
under the effect of unique current action. There are still further researches 
required to investigate how do the scour hole varies under tidal flow action. A 
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